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ABSTRACT 


Scientific Services, Inc., under Contract NAS8-35135, evaluated 
the requirements for Impact testing of materials In an oxygen 
atmosphere at pressures fr(M 82.7 MPa (12,000 psi) to 172 MPa 
(25,000 psi). The current NASA/MSFC Impact tester system was 
evaluated for potential pressure Increases from the present 69 
MPa (10,000 psi) to 82.7 MPa (12,000 psi). The low pressure 
oxygen and nitrogen systems, the Impact tower, the Impact test cell, 
and the high pressure oxygen systan were evaluated Individually. 
Although the structural Integrity of the Impact test cell and the 
compressor were sufficient for operation at 82.7 MPa (12,000 psi), 
recent studies revealed possible material incompatibility at that 
pressure and above. 

Scientific Services adopted the philosophy that If a component 
should be replaced for 82.7 MPa (12,000 psi) operation the replacerrent 
should meet the final objectives of 172 MPa (25,000 psi). Recommended 
changes In the system include; use 'of Monel 400 for pressures above 
82.7 MPa (12,000 ps1)j^ use of bellows to replace the seal In the 
Impact tMt(^V use of a sapphire window attached to a fiber optic 
for event i sensing ; and use of a three diaphragm compressor. Redesign 
of the system will also enable Incorporation of updated electronic 
controls and data handling, and improved remote control operation. 
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I. Introduction 


This study was initiated to investigate the reT'irements for 
increasing the opera tihg pressure and temperature of the ABMA 
configured (1. 2, 3. 4. 5) LOX/GOX 69 MPa (10,000 psi) materials 
mechanical impact tester currently in use at the Marshall Space 
Flight Center (MSFC) (Figure 1). This investigation will consider 
the additional refinements necessary to increase the pressure to 
172 MPa (25,000 psi) and 400® C, either incrementally or by one 
step. 

Oxygen reactions with materials generally increase with pressure 

and can be self igniting and violent under certain conditions. To 

qualify materials as satisfactory for use under programmed gaseous 

and liquid oxygen conditions, the materials must be tested at 

elevated pressures and temperatures. Maximum National Aeronautics 

and Space Administration (NASA) propulsion systems operating 

pressures have been in the 55.2 MPa (8,000 psi) range. With the 

« 

planned utilization of liquid and gaseous oxygen at pressures in 
the 103 MPa (15,000 psi) range In advanced propulsion ^systems, 
materials compatibility data in the high pressure environment is 
critical to the risk evaluation and design decisions in propulsion 
technology. The reactivity of materials at increased oxygen pressures 

cannot adequately or safely be projected from test results at lower 
pressures. 

Acceptance test methods for materials in an oxygen environment 
are essentially in what could be called the third generation. The 

ft 

ABMA dropweight tester, originated in the 1940's and utilized in 
the 1950's, was refined and standardized in the 1960's resulting 
in the issuance of MSFC>SPEC-106B and the similar ASTM 02512-66T. 

Advanced engine technologies proposed for the 1970's required 
higher oxygen pressures and the resultant second generation Impact 
testers to qualify candidate materials for oxygen service at pressures 
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Figure 1. Impact Tester 
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to 69 MPa (10,000 psi). Tmo different 69 MPa (10,000 psi) mechanical 
Impact testers similar to the ABMA-NSFC design were developed by the 
Johnson Space Center (JSC), White Sands Test Facility (WSTF) and by 
MSFC/Rockwell International, Rocketdyne Division. The MSFC/Rockwell 
developed mechanical Impact tester Is being used at MSFC. Systems to 
evaluate the compatibility of materials In LOX and GOX In the 82.7 MPa 
(12,000 psi) to 172 MPa (25,000 psi) range could be considered the 
third generation of testers. 

A mechanical ImfMCt tester at WSTF In Las Cruces, N.M., was 
designed for use at 138 MPa (20,000 psi), but Is not routinely used 
at that level. It' differs significantly In design and operation 
from the MSFC/Rocketdyne tester at MSFC. There Is also a pneumatic 
Impact tester at WSTF that Is operated routinely at 82.7 MPa (12,000 
psi). There are other approaches to oxygen compatibility In 
development such as frictional rubbing and particle Impact at WSTF 
and laser Induced combustion at The National Bureau of Standards. 

Marshall Space Flight Center. Issued contract NAS8>35135 to 
Scientific Services, Inc., (SSI) to evaluate the possibility of 
modifying the present MSFC Impact tester for operation at 82.7 MPa 
(12,000 psl)^ to conduct literature and engineering studies to 
determine the requirements for the design of an Impact tester to 
operate at 82.7 MPa (12,000 psi), and to determine the extent of 
currently available hardware for working up to the 172 MPa (25,000 
psi) range. 

A comprehensive literature survey was conducted. Although 
published material was available on the general subject of high- 
pressure technology, most of 1t concerned research with solids, 
liquids, and gases* other than oxygen. Only a few articles addressed 
pressures above 69 MPa (10,000 psi) or gave Information directly 
related to high pressure oxygen reactions. 

The primary sources containing Information on oxygen and Its 
associated materials and ccxnponents are Schwinghamer and Key (1974), 
Bransford, Bryan, Frye, and Stohler (1980), Hust and Clark (1974), 
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White and Ward (1966) » Baum, Goobich, and Trainer (1962), Attwood 
and Allen (1971). Dean (1961). Guter (1967). Kinzey (1970). Kirschfeld 
(1961). (1965). (1967). (1968). NASA-MSC-02681 (1972). Bond (NASA- 
JSC. In publication), and Johnston (NASA-JSC. In publication). These 
are listed In the appendix. Other articles which provide helpful 
information about materials, equipment. Instrumentation, experimental 
techniques, and safety procedures are also listed. 

One of the Initial objectives of SSI's study was to assess the 
current high pressure 69 NPa (10.000 psi) oxygen Impact test 
equipment at MSFC to determine the extent of modifications necessary 
to increase test pressure limits to 82.7 MPa (12.000 psi). 

SSI adopted the following modification philosophy. If any of the 
present MSFC Impact tester systmn requires modification or replacnnent. 
the replaceiMnt or modification should have the capability of reaching 
the ultimate goal of Impact testing at 172 MPa (25.000 psi). Obviously. 
Initial cost would be a consideration; however, the cost of maintaining 
one system at 82.7 MPa (12.000'ps1). another at 103 MPa (15.000 psi). 
and others In Increments up to 172 MPa (25.000 psf) could be 
substantially more. 


II. The Current MSFC Impact Tester System 


The philosophy of this study has been directed towards 
modifications essential for operation In the 82.7 MPa*172 MPa (IT., 000- 
25,000 psi) pressure range and temperatures fror cryogenic to 400<> C 
This study concept was not Intended or directed In any way tow/irds 
changing or modifying the current concept for Impact testing of 
materials. 

The Initial' objective was to evaluate thc: present NSFC Impact 
Tester System (Figure 1) to determine which portions, If any, could 
be used at 82.7 MPa (12,000 psi). The systen was divided Into Its* 
various operational groups and each one evaluated separately. 

BIGB PRESSURE OXiGEN SOURCE 

The current Impact tester high pressure oxygen source Is an 
^1nco-Corb11n (which Is now Superpressure, Inc.) motor driven, two- 
stage diaphragm type compressor, catalog number 46-13426. It Is 
designed to boost pressure to 138 MPa (20,000 psi) at a 14 to 1 
maximum compression ratio. Compressor parts In contact with the 
gaseous oxygen are made of different materials. The upper head plates 
are A-286 alloy; the check valves are 316 stainless steel, and the 
two dlaphra^ns are 302 stainless steel. The ccmpressor Is capable 
of furnishing 0.0906 cubic meters (3.25 SCF) per hour at a auction 
pressure of 3.45 MPa (500 psi). 

The main disadvantages of this compressor are the compressor 
parts with minimum compatibility In gaseous oxygen enviroimient at 
high pressure and the possible diaphragm rupture that cannot be 
**spotted** from the control room. A diaphragm rupture creates major 
problems when fHilsIng fluid enters the oxygen lines because of delay 
due to necessary tear-down, cleaning, and reassenbly. White Sands 
Test Facility has used the same type cmnpressor on a routine basis 
at pressures above MPa (10,000 psi) and Indicates a dlaphra^n life of 
approximately 50 hours when ptmiping at high pressure. 
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St/perpressure, Inc., the current manufacturer of this compressor. 

Mas contacted for Information and philosophy on the design of these 
pumps for high pressure operation In the oxygen envIrontMnt. 

Superpressure, Incorporated (Mr. Kevin J. Lyons) responded as 
follows— 

"I have heard of our compressors being used at 30,000 psi 
with oxygen. Itowever, because of the nature of this application 
we make no guarantees as to safety or suitability. We sell the 
compressors preliminarily cleaned, and the ultimate responsibility 
lies with the user. 

I am not sure what operating pressure is Intended. I note In the 
file a reference that a special material would probably be needed 
above 15,000 psi. 

This brings me to the main point of this correspondence. We 
have always had problems maintaining a seal above 22-25. 000 with a Vlton 
0-r1ng. Also with the Monel diaphragm used In this particular compressor 
we found the (soft) Monel would dimple (begin to extrude) Into the 
gas and pulsing fluid ports. 

* 

In vlow of these facts, I advised the shop to set the limiter at 
22,000 psi, I.e., set the compressor up for a maximum operating pressure 
of 20,000 psi. Also, to overcome the dlaphra^ problem we used a 
backup dlaphra^ of 302 SS (WSTF Is using brass.). This Is commonly 
done and will be a considerable benefit 1n terms of diaphragm life. 

The user should be aware of this In case he ever changes diaphragms. 

The diaphragms are stamped "SS" or "M" (as applicable) at the 
periphery. 

I hope these .modifications do not present the user a problem. 

They are definitely advisable. 

If there Is a problem, please get In touch." 

As noted above there are solutions to problems. Both WSTF and 
JSC were pleased with support obtained from Superpressure, Incorporated 
personnel . 
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biscusslons with two manufacturers on the advisability of 
modifying the current MSFC compressors evoked very little Interest. 

Both Indicated they could manufacture a new compressor to the 
maximum pressure requirement cheaper than they could modify those 
on hand. 

IMPACT TOWER ASP ASSOCIATED ACCESSORIES 

The current design of the tower and the plummet are considered 
adequate. During the refurbishment of the system the following 
modifications would prove beneficial. 

0 Consideration should be given to welded connections at 
some of the stress assembly points. This would 
contribute to a more rigid tower structure. 

^ Knife edge guides for the plummet In place of the rollers 
would aid free fall alinement on the striker pin. 

0 The impact tower and its associated accessories (4, 5) should 
be refurbished and brought up-to-date. 

° The load-cell should be sent to the manufacturer for refurbishing. 
IMPACT TEST CELL 

The structural evaluation of the current test cell was based on 
using K-Monel material with a safety factor of 4 and an operation 
pressure of 69 MPa (10,000 psi). 

Since Inconel 718 was used in lieu of K-Monel , a gain In safety 
factor was acquired. The maximum 'Signed pressure in the oxygen 
cavity was 103 MPa (15,000 psi). oof pressure of the impact test 
cell was accomplished at 103 MPa (15,000 psi). Based on USTF 
unpublished reactivity data Monel 400 is a more compatible material 
for use at 69 MPa*(10,000 psi) and greater, than is Inconel 718. 

The current design if refabricated using Monel would meet the 
minimum requirements for 82.7MPa (12,000 psi). Scientific Services 
recommends that the redesign be for htonel 400 for the ultimate pressure 
use to 172 MPa (25,000 psi). The following are items to be considered 
during the redesign. 

^ The base fOAembly should be redesigned to Incorporate resistance 
heating. 
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Attention needs to be given to changing the seal design 
at the tester interface to a compression type of the Bridgman 
design, of proper materials, before proceeding to 12,000 
psi or greater. 

0 A redesign of the test cell sample holder volume, sensing 
probe locations, and event sensing should be addressed before 
attempting to operate at 12,000 psi or higher. 

° The striker assembly should be redesigned using a bellows 
for a seal to eliminate the "stick-break” force- pressure 
problems at the striker. 

° The redesign should incorporate an impact cell quick opening 
feature to speed-up testing. 

0 The redesign should incorporate a more effective event sensing 
capability. 

The redesign should retain the many good features of the current 
design and be similar in function and characteristics. These design 
changes are addressed in detail later under specific design considerations. 


LOW PRESSURE PNEUMATIC SYSTEMS 

The current design of the pneumatic support systems, i.e., 
actuation cylinder pressure, pneumatic valve actuation, test cell 
balance pressure, and the liquid nitrogen cooling system are 
adequate. However, they should be replaced due to age and wear as 
well as reconfigured to ad4pt to the new system. 

The replacement of these systems would permit incorporation of 
the following component improvements. 

0 The liquid nitrogen test cell cooling system should 
incorporate a means for throttling LN 2 flow so that the 
LN2 may be used as a rapid source for changing test cell 
temperature. 

0 The nitrogen test cell balance pressure should be brought 
up-to-date with current servo capability. 


HIGH PRESSURE FEED SYSTEM 

Most of the current high pressure oxygen feed system is 
constructed of Moqel . This includes the valves, fittings, and 
tubing. The exceptions are the surge tank and pressure gages. These 
are constructed of 316 stainless steel. 


The Monel fittings in this system are from Autoclave Engineering, 
Incorporated and are constructed for a Morking pressure of 75.8 MPa 
(11,000 psi). As a minimum, for 82.7 MPa (12,000 psi) operation and 
greater, the replacement of this flour system with all oxygen wetted 
surfaces of 400 Monel and the elimination of the surge tank and the 
pressure gages from the new design will be required. There does not 
appear to be a sufficient cost savings to install 82.7 MPa (12,000) 
feed system and then replace it with higher pressure equipment later. 
Therefore, a system capable of 172 MPa (25,000 psi) should be used 
when the present 69 MPa (10,000 psi) rated system is replaced. 

High pressure valves and fittings intended for oxygen service have 
orifice sizes for maximum flow of liquids and gases. Oxygen wetted 
parts are available from 400 Monel when special ordered. 

The 59<^ included angle coned and threaded tubing seal appears 
to be reliable in both cryogenic and elevated tanperature application. 

They are recommended for repetitive assembly and disassembly. 

However, the nature of the assembly would appear to require the 
replacement of the coned section when intended for high pressure 
due to its deterioration. Early users of these components with high 
pressure oxygen encountered leakage problems. 

Safety weep holes are provided on both sides of all connections. 

This feature should be looked for when procuring these components. 

Normally, valves and fittings will include the necessary tubing 
glands and collars unless otherwise requested. 

OXYGEI! SOURCE 

The current MSFC mechanical impact tester source of oxygen is 
eleven (220 cu. ft., 2,200 psi) lA cylinders manifolded together. This 
makes for a simple system; however, it is a very limited supply of 
oxygen when flow is directly off the cylinders for pressure testing 
since these cylinders are rated at 15.2 MPa (2,200 psi). Volume testing at 
high pressure will drop the cylinder pressure quite rapidly. 

MSFC has oxygen tube trailers that are routinely charged to 15.2 
MPa (2,200 psi). These tube trailers would be a larger volume source for 
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oxygen testing and Mould furnish a volume. In excess of ten times the 
current source. One of the existing 34.5 MPa (5,000 psi) tube trailers 
available to MSFC could be used to supply a greater volume. This same 
source can be used for a supply of oxygen to the suction side of a 
compressor intended for test pressures to 69, 82.7, 103, 138 and 
eventually to 172 MPa (10,000, 12,000, 15,000, 20,000, and 25,000 psi). 

ITEMS TO BE REPLACED 

Table I lists current Installed units recommended for replacement. 
These Items have been In use for over ten years. They are still 
serviceable, however, there have been Instrumentation iroprovenents that 
will extend testing capability. 

Table II lists pneumatic enclosure hardware recommended for 
replacement. These enclosure systans will require rework and 
modification. The fittings for the oxygen system were designed for 
operation at 75.8 MPa (11,000 psi). The components of the system, 
although serviceable, have been used for over ten years. Replacement 
will permit staying current with progress in this very specialized 
area. 


10 


TABLE I 


1 . 


2 . 


3. 


4. 


5. 


6 . 


7. 


8 . 


9. 


10 . 


11 . 


12 . 


13. 


14. 


15. 


16. 




CURRENT INSTALLED UNITS TO BE REPLACED 

Ballistics (High Frequency) Pressure Transducer, Model 207C(X) 
and 607C(X), Kistler Instrument Company (Replace) 

Ouartz Load Washer, Model 900A Series, Kistler Instrument 
Company (Replace) 

Peak Meter Indicator, Model 538A, Kistler Instrument Company 
(Replace) 

Dual Mode (Charge) Amplifier, Model 504D, Kistler Instrument 
Company (Replace) 

Oscilloscope, Type RM565 (Serial No. 4524), Tektronix, Inc. 
(Replace) 

Oscilloscope Camera System (Serial No. 9140), Tektronix, Inc. 
(Replace) 

Dual Trace Amplifier, Type 3 a 6 Plug-In (Serial No. 13485 and 
13488) Tektronix, Inc. (Replace) 

OMNI Seals, Catalog 114, Aeroquip Corporation (Replace) 

f 

Constant Temperature Circulator, Manual #124A, Launda, Inc. 
(Replace) 

Of^hragiR Compressor, Aminco #46, Hand Operated or Motor Driven, 
American Instrument Company (Replace) 

Digital Thermocouple Thermometer, Series 590, Ml-1387, Digitec, 
United System Cor^ration (Replace) 

Digital Voltmeter, Model 268, Ml-1391, Digitec, United System 
Corporation (Replace) 

Pressure Cell, DHF, (15-DHF-2), BLH Electronic, Inc. (Replace) 

Power Supply, Dual 15 VDC, Model 528 (Replace) 

Comparators, Catalog PDS-221, Burr-Brown Research Corporation 
(Replace) 

Integrated Circuits, 3500 Series, Burr-Brown Research Corporation 
(Replace) 
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ORIGINAL PAQf 99 
TABLE II OF POOR QUALITY 

PNEUMATIC ENCLOSURE HARDWARE 



TO BE REPLACED 




Item 

Dcscr lotion 1 

Material 

Size 

Uorkino 

Pressure 

Quantity 

1. 

H«nd Valv*. Autoclave No. 30VM-4071*0M 

Monel 

1/4 AE 

12,000 

5 

2 . 

Pncimatic Valve, Autoclave No. 3OVN-4071-0N 

Monel 

1/4 AE 

12,000 

• 5 

3. 

Pressure Gage Autoclave No. P483 

316SS 

1/4 AE 

0 to 15,000 

2 

4. 

Pressure Gage, Autoclave No. P480 

316SS 

1/4 AE 

0 to 3,000 

1 

5. 

Durst Olaphragai Holder Autoclave No. CS4600 

Monel 

1/4 AE 

12,000 

3 

6. 

Burst Disk 

Ptonel 

1/4 AE 

15,000 

2 

7. 

Burst Disk 

Monel 

1/4 AE 

3,000 

1 

8. 

Solenoid Valves, Barksdale No. 12453 

Brass 

3/8 NPT 

150 

6 

9. 

Miscellaneous High-Pressure Fittings 


• 




Autoclave NO.-CX4444-CR0SS 




4 


Autoclave No. CT4440-TEE 




5 


Autoclave No. CL4400-CL8WS 




1 


Autoclave No. 60M42B8- ADAPTER 




4 


Autoclave No. 60F4433-C0UPLING 




4 


AutocVave No. CP-40-PLUG 




3 

10. 

Solenoid Valve, Narotta No. MV-lOO 

SS 

1/4 AN 

3,000 

2 

11. 

Filter, Aircraft Porous Media, Model 

ss 

1/4 AN 

3,000 

1 


No. AC4098-82Y2 





12. 

Pressure Transducer, BLH Electronics, Type DHF 

SS 

1/4 AN 

1,000 

1 

13. 

Pressure Transducer, BLH Electronics, Type OHF 

.ss 

1/4 AN 

1,000 

1 

14. 

Pressure Gage, Ashcroft No. 1279 

ss 

1/4 NPT 

VAC-15 

1 

15. 

Pressure Gage, Ashcroft No. 1279 

ss 

1/4 NPT 

100 

1 

16. 

Pressure Gage, Ashcroft No. 1279 

ss 

1/4 HPT 

2.000 

1 

17. 

Hand Valve, Control Component MY-6008 

ss 

1/2 NPT 

6,000 

1 

18. 

Regulator, Natheson No. 8-540 

Brass 

1/4 NPT 

3,000 

1 



- 
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III. Material Selection 


Hust and Clark (6) observed that a reaction in an oxygen system 
can only occur In the presence of a fuel, an oxidizer, and an 
ignition source. However, when a material or a component is selected 
ora system designed for oxygen service an awareness that the fluid 
can be the oxidizer, the material of the system a potential fuel, 
and ignition sources are ever present in many forms should always 
be a prime consideration. 

The selection of materials and components for oxygen service 
should be premised on eliminating potential effects such as>- 

0 The effects of contamination within a system. 

0 Eliminate Ignition— select a material which is least likely 
to Ignite under the operational conditions. 

0 Prevent continued reaction— select a material which tends 
to quench the' reaction after ignition. 

0 Reduce the rate of reaction— select materials which react 
as slowly as possible after- Ignition to permit control of 
the reaction. 

° Match the particular deirands of an oxygen component with 
materials best satisfying these demands. (This assumes the 
existence of several types of compatibility and physical 
properties data for these materials.) 

For example, if a component is likely to be impacted but 
not likely to be In a high temperature environment, materials 
with a low Impact sensitivity should be considered with 
secondary considerations for their ranking according to 
ignition temperature. 

0 Equl^ent problems contributed by design. For example the 
Introduction of slow opening valves and heat sinks to 
reduce the probability of ignition by adiabatic compression. 

^ Increasing oxygen wetted surface areas to aid in the dispersion 
of generated heat. 


METALS 

Although the tensile strength, hardness, and modulus of elasticity 
of many metallic materials Increase as the temperature drops, ductility 
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and toughness decrease. In general. It Is advisable to use a 
material below Its "transition”^ temperature because above this 
temperature It has lost much of Its capability to absorb energy 
without rupture. Nickel, copper, aluminum and some of their alloys 
are a few of the materials that have Increasing Impact strength with 
decreasing temperature. 

Clark's (7) study of thermal expansion at low temperatures of 
similar alloys and alloy conditions Indicates that relatively large 
changes In composition are required for significant changes In 
thermal expansions, that heat treatment or heat conditioning has 
little effect except when there Is a basic material structure 
changes, and that the thermal expansion at room temperature Is a 
good Indication of the dimensional change to be expected at low 
temperature. 

The Initial materials selection for fabrication of the mechanical 
Impact tester high pressure system and Its associated equifxnent 
was based on results from limited studies of the Ignition of 
materials In moderate pressure oxygen environment. Early materials 
Ignition studies were conducted In gaseous oxygen at 51.7 MPa 
(7,500 psi) by the Battelle Memorial Institute (8). Test results 
Indicated that meta] alloys with a high percentage of nickel have 
the highest resistance to Ignition In moderate pressure oxygen. 

Additional studies by Battelle Memorial Institute (9) Indicated 
that 316 stainless steel and monel alloys were acceptable construction 
materials at gaseous oxygen pressures to 51.7 MPa (7,500 psi). 

Stainless steel 316 and monel (10, 11) are commonly accepted 
as good engineering alloys for oxygen service. Most of the standard 
hardware and most of the standard equipment available Is fabricated 
from them. Monel Is less strong but sufficient where weight Is not 
a restriction. It has a low oxidation rate. 

MSFC conducted Ignition studies (2) and found nickel base 
super alloys Rene' 41, Inco 625, and Inco 718, the nickel-copper 

^In this case used to denote the arbitrarily defined temperature 
In a range where ductility changes rapidly with temperature. 


alloys Narloy x and K*Mone1 . and the cobalt base super alloy HS188 
all passed the Impact sensitivity test at the test pressure of 69 
HPa (10,000 psi) and the use temperature. Later limited ignition 
studies conducted In gaseous oxygen at 103 MPa (15,000 psi) by 
the White Sands Test Facility (WSTF) (11, 12) Indicated Monel 400 
was the most Ignition resistant of the alloys tested. No documented 
test data appears to be available for higher pressures. Current 
technology has not ventured Into the realm of extremely high pressure 
172 MPa (25,000 ps1) oxygen testing. This Is an area for research 
and developrent. Table III lists the properties of Monel 400. 

The choice of materials (6) for a high pressure oxygen mechonical 
Impact tester system depends upon a number of interrelated factors: 

0 Temperature and pressure range of operation and the 
requirements for proof testing. 

0 Pressure and temperature cycling ^fatigue life). 

0 Corrosion or erosion factors. 

® The compatibility of the oxygen wetted surfaces In the 
envlroranental conditions to be encountered. 

Only the best suited material should be used and stringent 
control requirements should prevail' during procurement. There 
should never by any doubt about the Identity and quality of the 
materials,' 

For the Important parts, the parts containing high pressure 
oxygen wetted surfaces, a manufacturers' certificate of Identity 
and quality should accompany the stock materials, forgings, and 
component parts. For cold worked billets of Monel 400 this Is 
extremely difficult to acquire for small quantities. An alternative 
Is to purchase two billets from the same run, one for testing and 
one for fabrication or verify status by non-destructive testing, 
proof pressure cycling, and proceed on a calculated risk basis. 

Most metal manufacturers maintain a continuous watch on the 
quality of their materials by regular sampling and metallurgical 
examination. Therefore, using material on a calculated risk 
basis In a non-flight situation and In a research and develofxnent 
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PROPERTIES OF MONEL 400 


Comp«titi*n: 

Nominal 


Carboa 

0.12 

Manganeae 

0.90 

Iron 

1.35 

Sulphur 

0.005 

Silicon 

0.15 

Copper 

31.5 

Nickel a Cobalt 

66.0 


Physical Constants: (ai 70^F) 


Specific craTity 8.63 

Density, Ib/cu. in. 0.319 

Mclcini ran|e, ®F ’ 2370*2460 

Modulus of elasticity, psi, in tension s 10^ 26.0 

in torsion a 1C6 9.5 

Curie temperature, <*F 20*50 

Specific heat, Btu/lb, ^F 0.102 

'liiermal coef. eapansioc ®F (70*200®F) i 10~6 7.7 

Thermal conductivity, Btu.'ft^/ in,^t/*F 151 

Electrical resistivity, oluDs/cir.sail./ft. 307 


PROPERTIES 


Table 1 - MTCMAMCAL PSOPESTgl - S»S a B«t 


TcBBiit Btrevf^, T0000*I9000 

Yield icrv«|di. 25000-40000 

FlQiiitfioa. 7 50-35 

Bruif!! hefdfitei 4000 Kei 110-140 

EndutBAce LtAit. pti (10*r>eWB) 33500 


Moi FittUiied * 


*5000-00000 

30000-50000 

45-30 

130-lTO 


Hot Fi^ithtd** 

•0000-05000 
40000-05000 
45-30 
140- 115 
42000 


*Hot fiaitlted ItetefOAi 9vtr 2-1/1 i»ch«t *ad Mfitt. 
**Hm CaiBKed ctcept ktBBfMi 2-I./I iackei e«d 


Cold Drovii 
5<r<IlStlW.«4 
. S4000-1 20000 
MOOO-IOOOOO 

l60-2:t 

5*000 


TaUa 2 - impact STSEKCTH 
(Naae af the ■peci a>eA> w»»e t— pleitl» Neci^ied) 
lipeci Satwnb. N- Ib8. 


Trwrei 
Hot foiled 

Feefod 
Cold drovB 
.Aooeoled 


CbB»5_ V-Notek 
100-120<* 220 

-*5-115 

•5-115 150 

90-12CK 215 


Tabla 3 - MtCMAXICAL PSOPESTIES - (S«— U«.) T»St a Pis« 


Ceadiitoa * 

Teoiile 
$cren|tk, poi 

Yield Screnfdi 
P*» (0.2^) 

Claatacioa 

Ma 2^ 

Rockaell 

Hetdneee 

Cold dre%a, Aaaeated 

•000c-»5000 

25000.4500C 

50-55 

B*3 e»aB. 

Cold drf«n. Street Relief 

iiooo- 120000 

55000-100000 

55-15 

BI5-i00 

Heel eerhanfet. 5s.rraled 

• 0000-14000 

:$ooo-44ooo 

50-55 

P“» IM8. 

No. 1 tempe> (eeste.edl 

15000 MI. 

50000-45000 

45-50 

•“3 aai. 

No. 2 teaipet < ; aa*d> 

•5000-105000 

4 5000-6000O 

30-10 

0*5-9- 

No. ^ teaper (hard* 

110000-130000 

90000-110000 

10-5 

B«5-C2- 

TMaS- 

MECHANICAL PROPERTIES - Shiai a PUn a So 

a 


Ceadidaa 

Tttitile 
Streai^, pei 

Yield 

Screaitk, pai 

Cleagatioa 

%i^2 

Reckatll 

Hardeeaa 

Ho. Roll#e. Aonoolta 

■'0000-S5000 

2S000- 50000 

50-55 

B60--6 

Ho. RoUoC. Af-Rollod 

*5000-90000 

40000-60000 

45-50 

P*0-i9 

Cold RoUod. .Aoooolod 

-0000-S5000 

25000*45000 

50-55 

R*5 MI. 

Ho. RoUod. .Aoooolod 

65000-S5000 

25000-45000 

50-55 

B60 Mil. 

Cold Rotlod. Hotd 

100000-120000 

90000-110000 

15-2 

B<>5 ■>!. 

Cold Rollod, .Aoooolod 

'0000-S5000 

25000-45000 

50-55 

B6S MI. 

Cold Rollod. Sacioi Toaaoi 

100000-140000 

90000-130000 

1V2 

B9I ell. 

TabloS- 

LOS TEkCERATL'RE PROPERTIES 




Ceaditloa 

Taaperamre 

•F 

Tenaile 

Scrtfifik 

YiiM 

Suraiih 

pii (0.2-.1 

Elaagatioa 

%i#2“ 

Redvetiea 
of Area 

"■ Ckarpy 
lapaci. 
ft. Iba. 
V«nack 

Cold Drava 

•ooa 

103600 

93*00 

19.0 

71.0 

ISI 


-tio 

I1T430 

100630 

2I.S 

70.2 

17S 


Rm* 

103400 

93500 

n.3 

72.5 

n 

Fm fed 

-29* 

121230 

91500 

44.5 

*1.1 

216 


-423 

142000 

96400 

3S.5 

61.0 

M 

Annealed 

-O 

^•630 

51300 

51.5 

*5.0 

169 


-29’ 

115230 

49500 

49.5 

-5.9 

IS4 

*Cooled 

tc asd held at 

-110-E lo. 

aeterai kovra pria to leatiaf at 

ropa leapetacyre. 


7^ * - CKEEP STaEvGni 


Teaeperactfre 

StflM. Ill II Plldnf I 

Crete Rate of 

Tea per 

•r 

O.IO'. in 1C. 000 kra. 1.0^ in 10.000 hri. 

Ha RcLied 

*^00 

30000 

40000 


soo 

U3X 

2*300 


900 

4000 

13300 


1000 

- 

5000 

Cera D?aae. 

*50 

20000 

30000 

.Anneal ec 

•00 

15000 

24000 

i5or®r • hii. 

900 

•000 

16000 


1000 

5500 

9500 

Cald Drs«e (20*‘af 

•30 

33000 

43000 

avete abe«td at 

•00 

1200P 

30000 

looo-r f sti. 

•50 

TOOO 

21000 


900 

5300 

12000 


950 

1400 

'200 


1000 

5S0 

2100 


7 _ 9HOST TIME HIGH TEMPERA TVKE 
PROPERTgS or HOT-ROLLED MOSEL' «Uo> 400 


Teaperwe 

•F 

Tasailt 

SeeafA 

pei 

Yiild 

SueiffS 

Hi (0.27'.) 

Cleafstiaa 

r. ta 2 

Modulye af 
Elaancitv 
Pfi a 10® 

llaaa 

•9000 

30000 

a 

26.1 

6or 

•3000 

21300 

50 

25.6 

•or 

63300 

2100n 

50 

24.S 

1000 

43300 

20000 

26 

25.* 

120C 

26300 

14300 

M 

C.6 

I40A 

1*300 

11000 

44 

21.5 

16d: 

9000 

6500 

52 

11.3 

\9nf 

3000 

2500 

60 

- 


•Teetf sode ^ boldifif ike epeciaan ot teaperttyre lot S 
cker ptUliop it at ■ speed of 0.0161a. por asavie ckiOM|k ike yield 
foiet aad hoa ckere le freenitt at 0.026 la* pei aioyte. 


t - SIPTVRE STRENGTH 


Tsbilb -MEOiAMCAL PROPERTIES - Sin iCild Dtivi) 
lEir IJH I'M P.03:-0.230 iicl diiMW.) 

Condition 

Teaperaiyte 

•F 

Streti. 

IOC lire. 

psi to Rfodece 
lOOC kra. 

Ryptwri in 
10.0^ h»e 


Tensile 

Yield Sirenfik 

Eloofstioa 


•^00 

"2000 

70000 


Coadstiaa 

Screnftk, pei 

pai (0.2%) 

R la 2" 

1500-F 30 Ml 

9or 

46000 

42000 

. 

Aaaealed 

•OOOO-^VJOO 

50000-33000 

4V25 


1100 

24000 

17000 

12000 

So. 1 Tajpei 

•4000-100000 

50000--5000 

30-20 

Cold Draan (20*'6i. 

700 

70000 

62000 

36000 

'.. Hud 

93000-120000 

65000-95000 

25-15 

Soeea-rtlieeod at 

•00 

34000 

44000 

34000 

S Hud 

noooo- 135000 

t'OOO- 120000 

15-S 

lOOO-F • 6n. 

•50 

4^*000 

33000 

23000 

K Hud 

I2A00O- 150000 

1 00000-1 >5000 

S-5 


900 

3*000 

26000 

1*000 

Ha d-Spriaf 

143000- 160000 

123000-1*0000 

5-2 


930 

1000 

30000 

24000 

20000 

13000 

13300 

10000 


Tibia 10 - TIvSItA IMPACT 5TRENCTX 




Tenaion lapaet 



Tiii.lt PriMrtMi 





Elonfatioa 

• ederuoa 
of Area 

Tensile 
^ Strenjik 

Yield 

Strer.fth Eloofmuoo 

Redvctien 

W Area 

•finell 

Hardoesa 

Tiapii 

h Iba. 

% (I 3.54 


fei 

rr iC.2*;i '. u 2 

R 

300C Kl 

CoU dravo 

96* 

15.0 

63.’ 

9*.’A0 

•p'.'O 2*.0 

66.4 

199 

AMiilid 

129- 

29.5 

66.0 

*SpecM 

*••30 

ne roe^leitls 

3t*3C 44.0 

kinien. 

*4.9 

123 
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envlroranent may be acceptable since adequate steps may be taken during 
the design stage to compensate for anticipated material Inadequacies. 
Complete Items, such as the compressor and the test cell, should 
have a test certification Including capacity data. 

SEALS 

Material selection for high pressure oxygen environments must 
be compatible and perform the basic functions required for the 
specified conditions. Seal materials and seal configurations are 
available to meet the general design requirements. 

Teflon 

Plain teflon Is compatible and the material of use for those 
applications where extremely low friction and chemical Inertness 
are the most Important factors. Teflon has a very low coefficient 
of friction (0.04). It has some definite disadvantages, not the 
least of which Is the tendency to cold flow. 

GI<u 8 Filled Teflon 

Glass filled teflon Is used when an Inert material Is needed 
In applications requiring good wear compatibility under extreme 
conditions of pressure and temperature. Wearing of the metal 
mating surfaces Is to be expected due to the abrasive characteristics 
of the glass filler; therefore, a good surface finish Is essential. 
Good metal surface finishes reduce seal wear. Wear 1$ nearly 
proportional to the metal surface finish. Good metal surface 
finishes permit more areas of contact at the sealing surface which 
Improves sealing ability. 

Sealing at low temperatures 1$ substantially more difficult 
because plastics become harder and do not readily flow onto the 
nrntal mating surfaces; thus, better finishes must be provided. 

For oxygen service a surface finish of 2-4 RMS Is desirable for 
dynamic conditions. Static applications may be adquately handled 
by a surface finish of 8-12 RMS. This type of compatible seal 
material will be required for oxygen service. 
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Stiak-Slip of Seale 

Seals made from elastomer material show a sharp Increase In 
friction as the pressure Increases. Stick-slip may be described 
as the jerking motion that occurs on a dynamic surface during the 
transition from static to dynamic movement. Surface finishes should 
provide a s11ck» hard surface (50-62 Rockwell C) which reduces 
adhering between sealing surfaces, reducing dynamic force requirements. 

The current MSFC mechanical Impact tester has stick-slip on 
the striker pin of 9-16X of pressure (13) and this can be expected 
to Increase dramatically with the additional Increase in pressure. 

This Is an area that must be addressed during the modification 
design. The Implementation of a dlaphra^ or bellows for a seal 
at the striker pin appears to have several advantages and should 
be considered during design. 

Preeeure Activated Seale 

Bridgman (14, 15) has stated the one development which permitted 
reaching extranely high pressures without leaks was his Invention 
of the unsupported area seal, now called Bridgman seal. 

This seal works on the principle that the fluid pressure acts 
on the sealing material to Increase the force of the seal against 
the part. 

The seal becomes more effective as the pressure Increases. It 
does have a limit, however, and that Is -the point where the deformation 
of sealing material Is extruded. 

This seal design or a modified version of this design will 
be required for high pressure oxygen applications. 

For leak free sealing a seal material must have a minimum 
surface load of approximately 25 pounds per square Inch. 
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-'7 mm 


COMPRESSOR FLUIDS 


In the event of a compressor disc rupture, pressurized oxygen 
comes In contact with the compressor fluids. Fomblln Y appears to 
offer the combined properties of being acceptable as a compressor 
fluid and of being non-reactIve. Fomblln Y Is a low molecular 
weight polymer with the structure of perfluorinated polyethers. 
Fomblln Y fluids were tested to NASA MSFC-SPEC 106B and passed 
the test. Fomblln Y>06 was non-reactIve at pressures up to 10.000 
psia as reported In a NASA WSTF report on August 27, 1980. 
Additional data on Fomblln Y Is Included In Appendix I. 


IV. DESIGN CONSIDERATIONS 


In the design or layout of a high pressure oxygen system each 
component should be considered as a high pressure vessel, whether 
It be a compressor, a fitting, a valve, a piece of tubing, or Just 
a seal. In the Initial layout problem areas should be considered 
and techniques developed to eliminate or maintain anticipated 
reactions to a minimum. Complicated designs tend to leave too much 
room for operation error. The maximum design working pressure should 
be premised on anticipated chenlcal reactions as well as the pressurizing 
oxygen and temperature. (8, 9, 14, 16} 

This survey revealed that compressors and other high pressure 
equipment have been Improved by use of new materials and advanced 
designs. High pressure equipment Is available as standard catalogue 
Items from several vendors and a few vendors offer modifications for 
specialized applications. Scientific Services recommends using 
standard catalog Items to the maximum extent. Most of these pieces 
of equipment have been designed, fabricated, and installed to 
meet requirements as set forth by the American Society of Mechanical 
Engineers (ASME), the American Institute of Chemical Engineers (AICHE), 
the National Bure.iu of Standards (N6S), the U. S. Department of 
Defense, the National Aeronautics ami Space A<fan1n1strat1on (NASA), 
and other recognized organizations. 

Scientific Services contacted numerous vendors of compressed 
gas equipment as well as Instrumentation and control manufacturers. 

Three high pressure vemlors were ultimately selected as having 
sufficient experience, manufacturing capability, and design 
modification ability to respond to the requirements of the oxygen 
Impact tester. Several vendors appeared qualified to supply 
control Instrumentation off of the shelf and local Huntsville sources 
were found that could fabricate specialized Items. 


* 
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In the pressure ranges under consideration, the ASNE Code 
(Section VIII, Division II) Is of limited ’*pp11cab111ty. The basic 
concept of following good engineering practices and selecting the 
best materials Is the best approach. This, plus good manufacturing 
and Inspection procedures, can provide ttM basfs for a good non-code 
design for this application. (14, 17) 

D. E. Ultkin (National Forge Company) (14) proposed that a 
safe, reasonable and ^od logical approach could consist of the 
following procedures of Section VIII, Division 2, Appendix 4 of the 
ASME Boiler and Pressure vessel code, modified to the following extent. 

0 That Sm be defined as Sy/1.5 where Sy Is the yield strength. 

0 That Naximum Strain Energy (Haxwell/Von Nises) theory be 
used for combined stress calculations. 

0 That the following additional criteria be superimposed: 

(a) The maximum stress intensity at the bore of the 
vessel at design pressure be no greater than the 
yield strength; (b) the burst pressure to be more than 
1.25 times the hydrostatic test pressure; and (c) the 
full plastic flow pressure to be more than 1.10 times 
the hydrostatic \.tnt pressure 

The compressed oxygen for the impact tester should be viewed 
as three different systems, i.e., gaseous oxygen feeding the test 
cell cavity directly from the gaseous oxygen cylinder supply for 
relatively low pressure testing, the first stage of a two stage 
compressor system for pressures up to 34.5 MPa (5,000 psi), and 
the two stage compressor for extremely high pressure operation. 

During the design stage each of these systems should be assembled 
so Individual operation may be selected. This concept was derived 
for ease In operation and to decrease the operating time on the 
high pressure compressor diaphragms due to problems anticipated 
In this area. The technology for the compressor design Is available; 
howver, delivery times can be expected to be 30 weeks or greater. 

These compressors are built to specific requirements and the 
material of construction is selected by the purchaser. 
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HIGH PRESSURE FLOW SYSTEM 


The source of the high pressure oxygen for the mechanical 
impact tester is the compressor with its suction and discharge. Each 
of these basic systems will be reviewed. 

The diaphragm compressor, the most contaminant free of the 
pressure buildup equipment is a combination of two systems, a 
hydraulic system and an oxygen gas compression system. A metal 
diaphragm group is the isolating component between these two systems. 
The oxygen gas compression system consists of flat metal diaphragms 
clamped between two precisely contoured concave cavities, and the 
gaseous oxygen inlet and outlet check valves. The hydraulic system 
includes an electric motor driven crankshaft which reciprocates a 
piston in the hydraulic fluid media. This positive displacement 
piston pulses the hydraulic fluid against the lower side of the 
diaphra^ group causing it to sweep the cavity displacing the oxygen 
gas on the other side of the diaphragm, and discharging the oxygen 
gas through the discharge check valve to the high pressure manifold. 
(See Figure 2) 

The oxygen wetted surfaces within this compressor are the 
diaphragm, the concave head, and the inlet and outlet check valves. 
The material considered most ignition resistent in high pressure; 
high temperature LOX/GOX is Monel 400; therefore, these components 
should be fabricated of this material. The hydraulic fluid for 
oxygen service is halocarbon although Johnson Space Center -in Houston 
(18) (JSC) uses Fomblin Y-^06. This material is batch tested 
for JSC (Hamilton-Standard) at WSTF. They have never had a 
mechanical reaction when batch tested. One batch failed^ when 
tested pneumatically. This batch was replaced. (This fluid is 
handled by Montedison Company, NY) 

It is essential that the compressor be water cooled to protect 
the Monel 400 diaphragm and to assure the gaseous oxygen is pumped 
to the test cell at ambient conditions. Water cooling will assure 
a high pressure oxygen supply with a Delta of 2° C. 
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Three diaphragm compressor manufacturers were selected: 

(a) Superpressure, Incorporated; (b) Fluitron, and (c) Pressure 
Products Industries. These manufacturers will produce diaphragm 
compressors to special requirements on special order. There are 
others such as Harwood Engineering who will machine to special 
designs when they are submitted. For additional information on 
capabilities of compressors consult references (19, 20). 

Superpressure, Incorporated, Pressure Products Industries, and 
Flu -ron all indicate they can furnish diaphra^ compressors 
which offer— 

® Leak free design. 

0 Contamination free compression. 

0 Pressure to 30,000 psi. 

® Flow rate from 1.75-12.5 CFM 

° Corrosion resistant materials (All wetted parts from Monel 400.). 

0 Leak detection. 

The three manufacturers indicated that they could supply complete 
systems incorporating the following. 

0 Aftercooler. 

° Motor starter. 

0 Automatic "on/off" Control system. 

0 Automatic unloading system. 

0 Suction and discharge pressure sensing instrumentation. 

0 Flow Control Systens. 

0 Tanperature and pressure switches. 

0 Oil level switch. 

One manufacturer of diaphragm compressors. Pressure Products 
Industries, uses their patented bootstrap closure. At pressures 
of 66.7 MPa (10,000 psi) and higher, sealing of the compressor 
head assemblies becomes difficult and high torque of the bolts is 
needed to accomplsish a good, tight seal of the diaphragm. The 
bootstrap closure solves this problem (see Figure 3). A force 
is generated in the bootstrap cavity (between 1 and 3) by hydraulic 
fluid pressure, which is greater than the loads generated during 
the compression cycle. This assures a leak tight seal assembly. 
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•ootttrap elesur* (0.8. Mttnt Vo. 3,052,188). 
(Figure eoprtesy of Pressure Products Industries, Bstboro, Pa.) 


Figure 3. Bootstrap Closure 



NASA/ JSC uses a Pressure Products compressor with the bootstrap 
closure and reported that the principle works. 

Pressure surges can be expected when pumping at high pressures, 
especially when balancing the high pressure in the test cell cavity 
under cryogenic conditions. Every consideration should be given to 
dampening these surges during the design stage through coiled 
tubing or the flattened bourdon tube principal. Under no circumstances 
should this high pressure system be operated without dampening these 
impact surges. Table IV lists data showing manufacturers ' capabilities. 

WV PRESSURE FLOW SYSTEMS 

The low pressure flow syst«ns should consist of four basic 
systems delineated by their function. 

0 The 6N2 source for the plummet lifting actuation cylinder 
0.55-0.69 NPa (80-100 psi). 

0 The GN2 pressure for balancing pressure regulators 1.7 MPa 
(2,000 psi). 

0 The 6N2 pressure for pneumatic valve operation. 

0 The LN2 for cool-down of the specimen test cell. 

These particular systems are basic hs far as hardware is concerned. 

The current hardware at MSEC is functional and adequate, but should 
be replaced due to its age as it is reconfigured to connect with 
the proposed new system and to incorporate up-dated control 
instrumentation. During the replacement, consideration should be 
given to the increase oxygen and nitrogen volume requirements when 
operating at 2.07 MPa (2,000 psi) compared to a test operation at 
172 MPa (25,000 psi). A tube trailer v»uTd be more acceptable than 
the limited volume of 2.07 MPa (2,000 psi) GN2 and GOX in a lA 
cylinder bank. 

The oxygen supply is from a bank of 1-A gas cylinders or a 
tube trailer feeding the suction side of the compressor. This 
oxygen supply should be evaluated for total hydrocarbons by an 
inline gas chromatograph. The moisture should be evaluated and 
kept to a minimum. The oxygen flow should be rough filtered to 
25 microns with a final filter prior to the compressor entrance 
down to 1 micron. A by-pass should be provided for a cleanup of 


26 


TABLE IV 
COMPRESSOR DATA 


ORIGIMAL PAQK H 
OF POOR QUALITY 


COMPRESSOR DATA; 
Process Gas 
Mol . Weight 
Cp/Cv Value 
Suction Pressure 
Suction Temperature 
Discharge Pressure 
Flow Required 


Oxygen 

32 

O ~ 

200-2000 PSiG 
Ainbi^t 

25.Q60 PSIG ' " 

Fill 1/2 In. 3 chamber In 5-l0 minutis 


COMPRESSOR DATA; 
type 

Number of Stages 
Discharge Temperature 
Approx. 


Metal diaphragm 
Two 

TTcFT 


MATERIALS OF CONSTRUCTION; 


Process Side Monel 400 

Process Check Valves Monel 400 

Process Seals Viton 

Oil Seals Buna N 

Diaphragm (Process & Oil Monel 400 

Side) 

Middle Diaphragm (Leak Brass 

Detection) 

Process Piping Monel 400 


ACCESSORIES: 

Interstage gauge, cooler 
and rupture assembly 
Oxygen cleaning 
Special halocarbon pulsing 
oil for the high pressure 
plungers 
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the oxygen gas when required. A hydrocarbon cleanup can be attained 
by flow through silica gel and a molecular sieve. 


TEST CELL 

Due to the central Importance of the test cell function, several 
areas should be considered. Some of these points are covered 
within other specific areas of discussion, but are again addressed 
with respect to the test cell assembly. 

0 Material Selection— This effort was required to assess 
any changes felt necessary for operation of the existing 
system at 82.7 MPa (12,000 psi) oxygen pressure. Changes 
are recommended. The philosophy behind this effort Is to 
recommend whatever changes are necessary to achieve the 
ultimate goal of 172 MPa (25,000 psi) as long as the lesser 
goals stated Is Inclusively covered. For these philosophical 
reasons, as well as Monel versus Inconel preferences stated 
earlier, age and accumulated stress, we recommend redesign 
and fabrication of the test cell from 400 Monel. Additional 
points stated below must be considered In redesigning the 
test cell. 

0 A faster test cell closure and release Is necessary to 

Improve testing efficiency (Figure 4). An Interrupted thread 
or "gun>bolt” design with adjustable screw stops should 
receive attention during the design stage. Improvement 
In the time for closure and release of the cell Itself, 
would obviously Increase the production rate of compatibility 
testing. More materials could be tested within a standard 
work day. 

° Consideration should be given to redesigning the Internal 
pressure balancing systan so that current component 
Improvements may be Incorporated, 

0 The seal design and materials with regard to the striker 
pin Is an area that must receive attention during redesign. 

^ Alternative methods for heat source and temperature control 
should be addressed. (Details discussed In Section V) 

0 A better means of event sensing (14, 21) should be Incorporated 
and Is specifically addressed elsewhere. In addition, the 
faster the response and more sensitivity that can be achieved 
In pressure and temperature measurement can only substantiate 
the validity of event occurrence and provide additional data 
for the reaction. (Details discussed In Section V) 

0 The possibility for design consideration being given to 
the size and shape of the test cell Itself (16) should be 
addressed. The potential need for this lies In the unknown 
but potential changes In oxygen reactivity at pressures greater 
than 138 MPa (20,000 psi), as well as the kinetic, thermodynamic, 
and mechanistic nature of the Ignition reactions. 
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Figure 4. Impact Test Cell 
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The structural evaluation of the current test cell was based 
on using K-Monel material with a safety factor of 4. Since Inconel 
718 was used in lieu of K>Monel, a gain in safety factor was acquired. 

The maximum destined pressure in the oxygen cavity was 103 MPa 
(15,000 psi). Proof pressure of the Impact test cell was accomplished 
at 103 MPa (15,000 psi). 

The re-design of the Impact test cell should be prenised on a 
few salient features. There should be an awareness that rapid heating 
due to gas surging into confined spaces can produce a hazardous 
situation. ' It is important the test cell redesign feature the following. 

® Minimum volunw— maximum surface ratio. 

® Consideration for the mass of the receiver. 

0 Heat transfer coefficient of the material . 

0 Number of paths available for heat dissipation. 


V. Instrumentation 


The current Instrumentation should be replaced due to the 
rapid advancements In electronics since the components were Installed. 
The redesign should Incorporate some of the following approaches. 

TDiPERATURE SENSING AND COSTROL , 

the planned tanperatures ranging from that of Liquid Oxygen 
(LOX) to 400° Celsius need to be measured continuously and the measured 
temperatures should be as near as practical to the temperature 
Inside the test cell. The temperature sensing system should be 
readily compatible with the requirements for temperature control of 
the cell. The use of strategically placed thermocouples nwets the 
requirements for cell temperature sensing. Four thermocouples 
symmetrically oriented and as near to the Inner test cell wall as 
practical should yield satisfactory temperature sensing (see Figures 
S, 6). Operational tests will be necessary to determine the amount 
of deviation of approacn from the true temperature Inside the 
test cell. These tests can also yield the best processing of the 
four sensed temperatures to yield the true test cell temperature. 

The averaging In pairs (1 and 3) and (2 and 4) should yield good 
results (see Figure 5). 

(Figure 7) shows the display approach for the temperature and 
control systimi. Three of the four thermocouple probe units are 
connected to temperature display units, while one of the four Is 
connected to a temperature display and control unit. Omega type “T“ 
thermocouple probe units can be used to cover the range of *200° C 
to +400® C with :i.5° accuracy from -200° C to 0° C, and a 1° Accuracy 
from 0° C to 40G® C. It u recommended that all four thermocouples 
be monitored to best estimate the test temperature while using 
one thermocouple output for control to simplify the control function. 
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Also this approach gives redundancy since the system Is still 
operational with only one probe functioning. The output of the 
temperature display and control unH Is fed to the power unit. The 
power unit provides adequate power to heat the test cell to the upper 
temperature of +400° C. In this section It 1s assured that 
about 1500 watts will provide adequate heating. The power unit 
Is shown (Figure 8A) which provides adequate current handling 
capacity to power the heater units. (Figure 8B) shows an optional 
power unit which would provide lower voltage in D.C. to produce 
heating as an alternate approach. 

When temperature control of the specimen test cell is required 
above ambient temperature, the tenperature control system which 
only provides heat can adequately control the temperature. For 
reducing tmperature It will be necessary to provide a steady 
cooling to the test cell in order to vary Its temperature. This 
throttle cooling can be provided by a steady flow of liquid nitrogen 
Into the test fixture. With this combination heating and 
cooling the temperature controller can provide the heating as required 
to achieve the desired test temperature. 

All the components required to fabricate the temperature sensing 
and control system are readily available with the exception of 
custom packaging and heater elements for custom voltage operation. 

These items, although custom built, are not high cost or long lead 
time items. The packaging and Integration can be performed by 
local Huntsville, Alabama Instrumentation companies. All thermocouples 
digital displays, probes, reference junctions, and basic controllers 
are readily available from vendors such as Omega Engineering whose 
Information was used for budgetary data. 

EVEST SENSING 

Event sensing for 82.7 MPa (12,000 psi) and greater pressures 
presents problems because of the pressure. 

In order to define a system for event sensing it is necessary 
to determine some physical Interaction associated with the event 
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OPTIONAL HEATER POWER UNIT 




which Is measurable or which leads to such a measurable Interaction. 
The events of Interest such as rapid oxidation should liberate 
measurable energy. It Is here assumed that such events will emit 
energy In the visible and/or near Infrared spectrum. Although 
viewing ports for eye observation Into the test cell might be used 
for event sensing, this approach has some very definite disadvantages, 
not the least of these being safety and high pressure sealing. 

In order to overcome these problems a methodology v^s devised 
which would allow the detection of the emission of radiation In the 
test cell using extremely small ports and remote measurement of the 
occurrence. Flultron, Inc. i?.2) Indicates they have been successful 
In fabricating leak proof sapphire windows, by parallel surface 
grinding, to pressures of 207 MPa ■'0,000 psi); however, they have 
never been to 400° C with this assent iy. Figures 9-A and 9-B show 
the general approach to transmitting the emitted radiation from the 
specimen test cell. A very small window In the upper portion of the 
test cell is used to transmit radiation to a coupled fiber optic ^ 

The use of two ports on opposite sides of the test cell will provide 
reasonable coverage for reliable ev^nt sensing. These ports can 
be made very small which will allow sealing at very high pressures 
and eliminate port breakage at such pressures. The coupled optical 
fiber will transmit radiation to a remote location for detection, 
processing and displays. Available detection systems for use with 
such optical fibers allow a wide variety of measurements. The 
following capabilities can be provided: 

c Rapid sensing of the occurrence. 

0 Sensing of short duration events. 

0 Variable setting to define event occurrence. 

° Measurenent at different portions of spectrum by detector 
selection. 

Figure 10 shows the operational block diagram of components 
required to detect emitted radiation after it Is transmitted from 
the test cell via a fiber optic. The voltage at the output line 
represents the intensity of the radiation coming from the fiber 
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optic. Whenever an event occurs In the test cell that emits 
radiation, the voltage at the output will change. 

Figure 11 shows the block diagram of the detection system and 
the electronic system that does the post detection processing. 

The threshold level sense circuitry senses whenever the output of 
the detection circuitry goes above a pre-set level and causes an 
event Indicator to go on and stay on until manually reset. This 
gives an Indication on an event occurrence Independent of event 
duration. Simultaneously the duration sense circuitry senses the 
output of the detection circuitry for events above threshold that 
are sustained for a duration above a pre-set time period, and 
produces an Indication of such an event. Also the output of the 
detection system can be mo.iltored on an oscilloscope for visual 
display. A storage oscilloscope should provide long term viewing of 
output to determine the temporal nature of the emitted radiation 
due to the event. 

CALIBRATION 

The thermocouple tenperature measurement system should be 
validated by placing a test thermocouple inside the test cell to 
correlate the four thermocouple readings with the actual t^nperature 
Inside the test cell. 

The purpose of the event sensing drive Is to determine whether 
an event occurred or not. Calibration of such a device consists of 
setting threshold devices Inside the el ectrotrfcs. Observation of 
signal outputs from tests with known events should be used to 
determine the proper setting of these threshold levels. 

The pressure sensor selected has a built-in electrical signal 
simulator to calibrate the electronics associated with the pressure 
sensor system. 

Pressure standards are available as complete compact and 
transportable units with the means of pressure generation and 
regulation built Into one compact housing, the heaviest mass Inside 
being 2 kilograms. 


Monitor 



Figure 11. Event Indication System 
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By the extension of pressure range pressure, measurement from 
zero to 689 MPa (100,000 psi) is possible. 

The accuracies available with this calibration are of the "N" 
and "S" type. The ”N" class pressure standards are accurate to + 
0.05% of reading over the entire range at a temperature of 20^ C 
^ C and at a standard "g" value. "S" accuracy pressure standards 
are accurate to + 0.01% of over the full range. 

These Instruments (DH Instruments, Incorporated) have trace- 
ability to the National Bureau of Standards. 
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A block diagram using this type of pressure transducer as a 
pressure measurement system Is shown In Figures 12 and 13. The power 
supply shown provides excitation for the transducer and the signal 
conditioner provides the proper electronic buffering, filtering, and 
amplification of the transducer's output. The Indicator and alarm 
panel provides electronic read-out of the test cell pressure and 
gives alarm Indication If a preset pressure Is exceeded. This 
preset pressure limit Is adjustable. Also electrical outputs can 
be provided to control a "shut down" If a preset pressure Is 
exceeded. This system can also be designed such that alarm and 
"shut down" outputs are provided If pressure transducer output is 
lost during testing. 

The Teledyne Taber pressure transducer (Model 2107) has an 
excellent track record (21); however. It has similar Inadequacies 
to other transducers as far as thts oxygen system application is 
concerned. 

The pressure sensing cavity Is of stainless steel material and 
the high tenperature limit Is below the stated 400^ C requlronent. 

To compensate for the temperature limitations. It will be 
necessary to offset the transducer at the specimen test cell by 
approximately 2 Inches. TMs will affect the response; however, 
the response decay can be calculated. The offset Installation should 
be held to a minimum and be only sufficient to limit temperature 
buildup In the transducers to Its designed limit. 

It Is possible to compensate for pressure drift due to 
excessive temperature by placing a temperature pickup on the 
transducer and compensating electronically. Although the transducer 
cavity Is of stainless steel material there Is no record at current 
operating pressures of a dead-end connection of an offset transducer 
burning In an oxygen environment. 

Flultron, Incorporated will fabricate transducers of Monel-400. 
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PRESSURE SENSING 

The function of pressure instrumentation is to measure physical 
phenomena and to present this measurement in an intelligible and 
usable form. 

A survey of available pressure transducers adequate to meet 
requirements led to the choice of the strain gage type transducers 
for thd pressure sensing element. Such pressure transducers are 
ava'ilable with the following characteristics: 
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Options Available 

® Pressure cavity materials of 304 and 347 stainless steel. 

0 Double, single internal, or external shunt. Tracking throughout 
compensated temperature range. 

0 Compensated temperature ranges available for any range within-- 
lOQO F to +250° F. 

0 Electrical receptacles MS series 5 or 6 pin and pigmy series. 
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VI. Component Selection 


Th« dtsign and fabrication of high pressure oxygen systems 
should be by competent, experirnced people. Therefore the use of 
as much standard high pressure equipment as possible should be 
selected from established manufacturers. Although only a limited 
number of manufacturers are Involved, SSI established that 
sufficient capability exists In the high pressure component area. 

High pressure vilves, tubing, fittings, and rupture discs are 
available as standard catalogue Items. A long delivery time 
may be required for the exact sizes and quantities required. 

High pressure compressors are generally manufactured to customer 
requ1r«ients and are not **off the shelf** Items. Three compressor 
vendors have been Identified that have the capability to manufacture 
a compres.tor to the requirements of the Impact tester system. Each 
of the compressor manufacturers offers a compressor with different 
design concepts and options and as «K>uld be expected, different 
prices. 

Obviously each and every component cannot be selected prior 
to the final design. The Items listed In the component selection 
list (Table III) gives the part number (or catalogue number) style, 
type, size and other pertinent Information that would meet the 
requirements discussed In other sections .of this report. A 
recommended source for the Items Is also Included. 

Although only a limited number of ms.nufacturers are Involved 
In high pressure equipment and related Instrumentation, the 
capability Is sufficient to meet the needs of the Impact tester 
system. Many of the manufacturers serve a market that Is relatively 
small and does not justify a large **agency** type of marketing service 
since much of their work is to custoa^r requlrewnts. Therefore, a 
list of high pressure equipment manufacturers and suppliers Is 
0vtn In Table -IV. 
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CX06600 AE 0-Ring Check Valve Stainless 3/8" Autoclave Engineers 138 HPa Nitrogen Teflon 0-Ring 

Steel (20,000 psi) Material-SS 

Std. 
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TABLE VI 


HIGH PRESSURE MANUFACTURERS AND SUPPLIERS 

1. Almac Cryogenics, Inc. 

1108 26 Street 
Oakland, CA 94607 
Phone: (415) 832-1505 

(Temperature Level and Flow Controls, Sensor Units, Indicators, 
Transfer Lines, etc.) 

2. Autoclave Engineers, Inc. 

The Fred Gasche Building 
2930 West 22 Street 
Erie, PA 16512 

Phone: (814) 838-2071 

(Atlanta Representative: 

Kent L. Fredrick 
2030 Tucker I.idustrial Road 
Tucker, GA 30084 
Phone: (404) 493-1158) 

(Non-Roiating Stem Valves— High Temperature and Cryogenic Valves, 

Air Operated Valves, Relief Valves, Line Filters, Check Valves, 
Safety Heads, Rupture Discs, Valves and Fittings, Gages, Indicators, 
Transducers, Thermocouples, Electrodes, Tubing and Fittings.) 

3. BLH Electronics 

42 Fourth Avenue 
Waltham, MA 02254 
Phone: 617/890-6700 

Locally: Currie, Peak & Frazier 

205/536-1506 
Instrumentation 
Pressure Transducers 
Temperature Sensors 
Strain Gagve Accessories) 

4. Chroma 1 ox 

(Industrial Heating Products) 

4 Allegheny Center 
Pittsburgh, PA 15212 
(Chromalox Cartridge Heaters) 


5. Circle Seal Controls 
Technetics Division 
Brunswick Corporation 

Post Office Box 3666/1111 North Brookhurst Street 
Anaheim, CA 92803 
Phone: (714) 774-6110 

(Valves, Fittings, Relief Valves, Solenoid Valves, Check Valves, 
Manifold and Instrumentation Valves, Pressure Regulators and 
Back Pressure Regulators, Dynaflow Relief Valves) 

6. Control & Power, Inc. 

1920 27 Avenue, South 
P. 0. Box 61..7 
Birmingham, AL 35259 
Phone; 205/870-0274 

(Valves. Fittings & Instrumentation) 

7. Cryogenic Energy Company 

6533 N. Washington Street . • 

Denver, CO 80229 
Phone: (303) 287-3371 

(Vacuum Jacketed Pipes and Tubes, Liquid Oxygen-Liquid Nitrogen 
Trailer Style Dewars) 

8. CVI, Incorporated 
P. 0. Box 2138 
Columbus, OH 43216 
Phone; (614) 876-7381 
(Cryogenic Valves, Cryogenic Pumps.) 

9. rlexonics Division 

300 East Devon Avenue 
Bartlett, IL 60103 
Phone: (312) 625-1210 

(Flexible Metal Hose and Fittings, Expansion Joints, Ducting, 
Flexible Connectors, Bellows, Expansion Compensators) 
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10. Flultron, Inc. 

30 Industrial Drive 
Ivy! and. PA 18974 
Phone; (215) 355-9970 

(Manufacturing-Total Capability Valves, Diaphragm Compressors, 
Fittings, Reaction Vessels, Containment Vessels) 

11. Harwood Engineering Company, Inc. 

South Street 

Walpole. MA 02081 
Phone: (617) 668-3600 

(Tubing and Fittings, Valves-Hanual , Check, Automatic and 
Remotely Controlled. Pumps and Compressors, Pressure Gages, 

Load Cells, High Pressure Systens for High Velocity Jet 
Cutting, etc.) 

12. High Pressure Equipment Company 
1224 Linden Avenue 

Erie, PA 16505 
Phone: (814) 838-2128 

(Gauges, Pumps, Pressure Vessels, Tubing and fittings. Couplings, 
Valves, Intensifiers) 

13. Metal Bellows Corporation 
1075 Providence Highway 
Sharon, MA 02067 

(Vacuum Pumps and Compressors, Pressure and Tewperature Sensors, 
Flexlblle Couplings, Expansion Joints', Metal Hose Assemblies, 
Ducting, Fabricated Ass«nbl1es) 

14. MG Electronics & Equipment Company, Inc. 

808 Wilson Street, N.E. 

Decatur, AL 35601 
Phone: (205) 355-6121 

(ASCO Solenoid Valves, Pressure Switches Relays, Transformers, 
Wiring Accessories) ^ 
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15. Parke Hannifin Corporation 
Instrumentation Connectors 
Division 

P. 0. Box 4288 
Huntsville, AL 35802 
Phone: (205) 881-2040 

(Process Control and Instrumentation Valves and Fittings) 

16. Pressure Products Industries Division 
The Duriron Company, Inc. 

900 Louis Drive 
Warminster, PA 18974 
Phone: (215) 675-1600 

(Diaphragm Compressors, Valves and Fittings, Reactors and 
Pressure Vessels, Pumps, Gages, Instrumentation) 


17. Omega Engineering, Inc. 

One Omega Drive 
I Box 4047 

Stamford, CT 06907 
Phone: (203) 322-1666 

(Temperature Measurement and Control Components) 

^ 18. Orange Research, Inc. 

140 Cascade Boulevard 
Milford, CT 06460 

^ Phone: (203) 877-5657 

(Differential Pressure Gages, Compound Range Gages, Switche, 
Indicating Switches.) 


19. Oriel Corporation 
t 15 Market Street 

Stamford, CT 06902 
Phone: (203) 357-1600 
(Precision Optical Components) 
k 


20. Rosemontt Inc. 

One Riverchase Office Plaza 
Suite 118 

Birmingham, AL 35244 
Phone: 205/988-5759 

(Instruments, Pressure Transducers, Temperature Sensors) 

21. Ruska Instrument Corporation 
P. 0. Box 36010 

Houston, TX 77236 
Phone: (713) 774-2533 

(Digital Direct Reading Pressure Gages, Controllers, Test Sets, 
Air Data Calibrators, Computer Interfaces, Positive Displacement 
Pumps, Precision Pressure Standards) 

22. Setra Systems, Inc. 

45 Nagog Park 
Acton, NA 01720 
Phone: (617) 263-1400 

(Digital Pressure Measurement Systems and Readout Devices) 

23. Superpressure, Inc. 

8030 Georgia Avenue 
Silver Spring, MO 20910 
Phone: (301) 589-1727 

(Dlaphra^ Compressors, Pneur.vit1c Test Stands, Valves and 
Fittings, Pumps and Intensiflers, Shaking Assenblles, Reaction 
Vessels, Optical Absorption Cells, Union Connectors, Non- 
Rotating Stem Valves, Check Valves, Pneumatically Operated 
Vafves, Proportioning Valves, High Temperature Valves, Line 
Filters, Relief Valves, Tubing and Fittings, Swivel Joints, 
Adapters, Electrical Connectors, Thermocouple Assemblies, 

Rupture Disc Auemblids) 

24. Technology Development, Inc. 

500 Wynn Drive (Suite 114) 

Huntsville, AL 35805 
Phone: (205) 837-7762 

(Design and Fabrication of Instrumentation Systems) 


25. Teledyne Taber 

455 Bryant Street 
N. Tonawanda, NY 
Phone: (716) 694-4000 

(Pressure Transducers-Low Level, High Level, Differential, 
Pressure Transmitters, Oceanographic) 

26. Wahl Instruments, Inc. 

5750 Hannuffl Avenue 
Culver City, CA 90230 
Phone: (800) 421-2853 

(213) 641-6931 

(Thermocouples, Calibration Standard, Probes, etc.) 


VII. Mechanical Impact Testing of Materials 
In An Oxygen Environment To 172 MPA (25.000 PSD 


The hardware and the high pressure technology is available 
for venturing into 103, 138, and 172 MPa pressure ranges (15,000 
20,000, 25,000 psi). 

This investigation revealed that there is a requirement for 
additional information about oxygen and materic at these 
pressures and temperatures. 

The impact testing pressure and heating systems lend themselves 
to additional applications for investigations of oxygen and these 
additional possibilities should be addressed during the redesign. 

SEALS 

Seal compatibility for these pressures and temperatures are 
recommended for maximum operation to 280° C. This is an area 
where judicious care must be applied in selecting the seal design 
that will permit leak free testing to 400° C. 

The Bal-Seal has some good features for static applications. 

The seal problem at the specimen test cell is an area that 
needs addressing during redesign. 

Bal-Seal Engineering Company (Mr. Peter Bartheld) proposed 
a seal for the striker pin for 172 MPa (25,000 psi) and cryogenic 
temperatures. Bal-Seal proposes their teflon-glass material with 
a back-up ring made from Kel-F and a loading spring made from 
302 stainless steel. (This loading ring should be from Monel 400 
Series). They propose their flange type seal which has the 
unique advantage tha^as the temperature decreases, a greater load 
is applied to the striker pin shaft. 

• 

During any high pressure application, the force that is 
required to move the striker pin is determined by the area of 
seal contact with the striker pin shaft. Bal-Seal recommends a 
seal with a design that combines flexibility with minimum area 
of contact, which is their part number 2FEHUR304-113G . 


SSI does not concur with their reconvnendatlon for this seal at 
the striker pin due to the excessive ''break'' force for the striker 
pin during operation with a seal of this type. 

Essentially, SSI recommends the use of the bellows for a seal 
at the striker pin because the "break" force will always be 
predictable. 

CLEANLINESS 

Cleanliness cannot be over emphasized when operating at these 
pressures and temperatures. 

The equlpmint layout should be such as to permit easy scrubbing 
and maintenance of the testing area. 

FITTINGS, VALVES AND TUBING 

The fittings and valves for 82.7 MPa (12,000 psi) or 172 MPa 
(25,000 psi) are made from the same'size piece of material. The 
only difference Is the flow system Inside diameter and the valve 
seats. As the pressure Increases the flow path size decreases, 
with a corresponding slight Ir^rease in cost due to the design and 
machining problems encountered. 

All of the components are special order and the delivery 
time can be up to six (6) months. If a volume production Is 
scheduled at the time an order Is placed a cost benefit can 
be anticipated. Even tubing is a special order at these pressures. 

MATERIAL, SPECIMEN TEST CELL AND COMPRESSOR 

Certified billets of Monel-400 are available and are needed 
for the compressor heads and the specimen test cells. These billets 
are not plentiful but they can be found. However, they are expensive 

The machining operations on the specimen, test cell are complex 
and of course costly. 


The two most expensive sections of the system are the specimen 
test cells and the compressor section. 

The two stage compressor can be made the most flexible 
because it may be controlled so that one or two compressors are 
the source of high pressure oxygen depending on the pressure 
required for testing. This is the most flexible pressurization 
technique,' but again^it is the most expensive. It presents twice 
the maintenance problems. 

The two stage, individual stage controlled, compressor is 
the type recommended due to its flexibility in operation. 

Since a relief value is very undesirable at these pressures, 
automatic unloading by automattcally lowering the suction pressure 
to the compressor should be considered when the system is 
designed. 

Prmnised on WSTF and JSC experiences the Fluitron, Incorporated^ 
compressor is recommended. 

This compressor has Monel -400 material for all oxygen wetted 
surfaces with a hydraulic drive diaphragm rated at 172 MPa (25,000 
psi). 
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VIII. Cost Analysis 


Individual components, recommended materials, measurement 
and control instrumentation, and design considerations for the 
high pressure oxygen impact tester have been discussed in previous 
sections. In some cases more than one manufacturer or vendor had 
acceptable items or could readily manufacture itens to the clients 
required specifications. Some concepts or recommended items are 
not essential to the safe or minimal operation of the impact 
tester but should be seriously considered to obtain the best data 
while advancing the science and understanding of high pressure 
oxygen impact testing. 

Costs of individual item are discussed in Section VI. as well 
as estimated costs of research and development items/systems to 
be developed. The following cost analysis is divided into the 


various operational sections of the impact tester. 

Low Pressure Nitrogen and Oxygen Systems $15,000 

« 

Compressor and Associated Control Systens 60,000 

High Pressure Oxygen System Excluding Dead Weight 37,000 

Tester 

Test Cell - Minimum of Three Required, One Each for 
Metals Testing, Oil and Grease Testing, and Plastics 
Testing 3 0 $18,000 each 54,000 

Instrumentation ^ 45,000 

Tower Refurbishment 6,000 

Installation 75,000 

Design 36,000 


$328,000 


Total 


IX. Conclusidns and Recommendations 


This documents attempts to assimilate the pertinent Information 
needed to understand liquid and gaseous oxygen characteristics In 
combination with the engineering materials necessary to develop the 
flow systems for a materials compatibility Impact tester for 
operation In an oxygen environment at pressures up to 172 MPa (25,000 
psi) and temperatures from -181° to 400° C. 

Current high pressure technology Is capable of operation at the 
required levels, however, no documented information was found 
Indicating previous operations with oxygen at these extremes of 
temperature and pressures. Therefore, operation in an oxygen 
environment above 103 MPa (15,000 psi) and to 400^ C should be 
considered In the area of research and development. As a result 
all of the current MSFC material impact tester systems, with the 
exception of the tower, should be redesigned to reflect current 
technological develo(xnents, and increased operating pressure to 
172 MPa (25,000 psi). Items to be considered are: 

IMPACT TOWER AND ASSOCIATED ACCESSORIES 

The current tower and associated accessories are meeting requirements, 
however. It should be reworked to conform with projected requirements. 

® The load-cell should be sent to the manufacturer for refurbishing. 

0 The Impact tower accessories should be replaced to bring them 
In line with current technology. 

0 Melding of the tower at strategic stress points would produce 
a more rigid structure. 

® Knife edge guides for the pi unmet in place of rollers would 
simplify adjustment and aid free fall alignment on the striker 
pin. 


IMPACT TEST CELL 


The impact test cell redesign should be similar to the current 
ones in operation but incorporate features for the improvement of 
testing. 

^ The test cell should be redesigned of Monel 400 for 

tttuperatures from (-)180O to (+)400® C with design stresses 
sufficient to operate at 172 MPa (25,000 psi) plus the 
maximum pressure anticipated due to chemical reaction. 

^ The base assembly should be redesigned to Incorporate 
resistance heating of the cartridge type or its equivalent. 

^ The seal design should be changed at the test cell interface 
to a compression type of the Bridgman design with the proper 
materials. 

^ The test cell sample holder volume, sensing probe locations, 
and event sensing should be addressed in the redesign. 

° The striker pin ass^nbly should be redesigned using a bellows 
or diaphragm for a seal to eliminate the "stick-break" force- 
pressure problems at the striker. Using this approach the 
striker "break" force wuld be a known quantity. 

0 The redesign should Incorporate an impact cell quick opening 
feature to speed-up testing. 

0 The redesign should incorporate a more effective event sensing 
capability. 

0 The redesign should incorporate a chromatograph-mass spectrometer 
analysis feature for analysis of the test residual gases. 

® The delivery of high pressure oxygen to the test cell should 
be at ambient conditions and then the temperature should be 
Increased to the test limits desired. This approach will 
extend the life of the hardware during the initial exploratory 
testing at extremes of temperature and pressure. 

° The location of the temperature, pressure and event sensing 
sensors In the test cell is a real designing challenge but 
It can be accomplished so the cell may be readily opened for 
speciment replacement. 


LOW PRESSURE PNEUMATIC SYSTEMS 

The pneumatic support systems, i.e., actuation cylinder pressure, 
pneumatic valve actuation, test cell balance pressure, and the liquid 
nitrogen cooling systems should be replaced due jto age and wear as well 
permitting reconfiguration to incorporate component improvements. 
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0 The liquid nitrogen test cell cooling system should 
incorporate a means for throttling LN 2 flow so that the 
LN 2 may be used as a rapid temperature changing source 
for the impact test cell. 

0 The nitrogen test cell balance pressure should be brought 
up-to-date with current servo capability. 

0 The nitrogen test cell balance pressure volume should be 
increased. 


HIGH PRESSURE OXYGEN FEED SYSTEM 


This system needs to be redesigned to meet currently programmed 
requirements. 

° All oxygen wetted surfaces within this system should be 
constructed of Monel 400. 

° All valves, fittings and tubing intended for this system 
should be special ordered of Monel 400. 

0 Relief valves or orifices should not be used in this system. 
Rupture disc holders should be barricaded. 

0 Where tubing of this system is exposed to temperature the. 
operating pressure should be reduced to 75% of that normally 
recommended. 


OXYGEN SOURCE 

The current gaseous oxygen source, i.e., eleven lA cylinders 
manifolded together should be replaced. 

0 An MSFC oxygen tube trailer charged to 15.2 MPa (2,200 psi) 
would give in excess ten times the volume currently available. 
If volume testing is planned an additional larger source of 
oxygen will be necessary. 

° One of the existing 34.5 MPa (5,000 psi) tube trailers 
available at MSFC could be used to supply a greater volume. 

This oxygen source should be designed and installed so this 
system could be connected to the test cell as a source for 
low pressure testing. 

^ This system should also be designed and controlled so it may 
be used for a supply of oxygen to the suction side of the 
compressor. 

0 This oxygen supply should be evaluated for total hydrocarbons 
by an' inline chromatograph. 
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^ The moisture should be evaluated and kept to a minimum 
below (-)550 C. 

0 This oxygen source should be rough filtered to 25 microns 
with a final filter prior to compressor entrance down to 
one micron. 

0 A by*pass should be provided for a cleanup of the oxygen 
when required. A hydrocarbon cleanup can be attained by a 
flow through silica gel and a molecular sieve. 


HIGH PRESSURE OXYGEN COMPRESSOR 

The current Impact tester system compressor, an Aminco-Corblln 
(which Is now Superpressure, Inc.) motor driven, two stage diaphragm 
type, catalog number 46-13426 should be replaced. It needs the 
upper head plates, the check valves and the diaphragms replaced 
with Monel 400 material to comply with current technology for operation 
at the projected extremes of temperature and pressure. 

Two manufacturers contacted for modification of this compressor 
Indicated they could build another to specific requirements more 
economically than modifying the current one. 

This compressor should Incorporate the following. 

^ Leak free design capable of delivering 207 MPa (30,000 psi) 
oxygen pressure. 

0 Contamination free compression. 

0 Flow rate of 1.75 CFM or greater. 

0 Corrosion resistant materials (All oxygen wetted parts from 
Monel 400). 

° Leak detection. 

0 Aftercool er 

The compressor head plate should incorporate water cooling. 
This will extend the Monel 400 diaphragm life and permit 
delivery of oxygen to the test cell at ambient conditions, 
an essential requirement for operation at planned extremes 
of temperature and pressure. 

0 Motor starter. 

0 Automatic "ON/OFF" Control syst«n . 

° Automatic unloading system. Since a relief valve Is very 
undesirable at these pressures, automatic unloading by 
automatically lowering the suction pressure to the compressor 
should be considered when the system Is designed. 
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Suction and discharge pressure Instrumentation. 

0 Flow control systems. 

0 Temperature and pressure switches. 

° Oil level switch. 

MATERIAL 

Studies of materials available for use with temperature and 
pressure extremes In an oxygen environment Indicate that Nonel 400 
Is the most acceptable for this application. Monel 400 Is less 
strong than many of the other metals but sufficient where weight 
Is not a restriction. 

Certified billets of Jtonel 400 are needed for the compressor 
heads, the specimen test cell and the various valves and components 
used to control the high pressure oxygen. 

INSTRUMERTATION 

There have been rapid advances In electronics since the Installed 
units were selected, therefore, these units should be replaced with 
components Incorporating some of th‘e following functions with improved 
capabll Ity. 

0 Instantaneous Indication of existing variables In a system. 

° Recording of variables. 

0 Progranmilng of variables with time. 

0 Actuation of control circuits and recording of events by time. 
^ Visual and audio Indications of malfunctions. 

These functions are applicable to temperature, pressure, and 
event sensing. 

TEMPERATURE SENSING AND CONTROL 

0 The test cell temperature sensing system should be readily 
compatible with the requirement for controlling and recording 
the temperature of the specimen test cell from (-)181° C to 
(+)400O C. Four symmetrically placed thermocouples will do 
this. The Onega Engineering "T" thermocouples will perform 
this function satisfactorily. 
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® The throttling of liquid nitrogen to the test cell will provide 
an adjunct to the heating and permit the temperature controller 
to provide the heating as required to achieve the desired test 
temperature. 

CALIBRATION 

The thermocouple temperature measurement system Is validated by 
placing a test thermocouple Inside the test cell to correlate the 
test thermocouple readings with the actual temperature within the 
test cell . 

EVENT SENSING 

The extremes of pressure and temperature programmed for the 
material Impact tester present problems of high pressure sealing. 

The current system is Inadequate and Is not being used. 

In order to overcome these problems and allow the detection of 
the emission of radiation In the test cell a very small window 
located In the upper segment of the test cell and coupled to a fiber 
optic will transmit radiation. The use of two such event sensing 
parts on opposite sides of the test' cell will provide reasonable 
coverage for event sensing. 

The coupled optic fiber will transmit radiation to a remote 
location for detection processing and display. Available detection 
systems for use with such optical fibers allow a wide variety of 
measurements such as— 

^ Rapid sensing of the occurrence. 

® Sensing of short duration events. 

0 Variable setting to define event occurrence. 

° Measurement of different portions of spectrum by detector 
sel ectlon. 


CALIBRATION 


The purpose of the event sensing drive Is to determine whether 
an event occurred. Calibration consists of setting threshold devices 
Inside the electronics. Observation of signal outputs from tests with 
known events should be used to determine the correct setting of threshold 
levels. Tvn) sensing element ports will permit laser calibration for 
accurate use In the visible or near IR range with NBS traceability. 

PRESSURE SENSING 

The pressure Instrumentation measures physical phenomena and 
presents thi measurement In an Intelligible and usable form for 
recording and controlling events. 

0 This system should provide a power supply for transducer 
excitation and signal conditioning. 

0 An Indicator for electronic recording and readout of test 
cell pressure. 

0 An alarm If preset pressure Is exceeded. 

^ This system should also Incorporate an alarm and "shut 
down" If the pressure transducer Is lost during testing. 

The Teledyne-Taber pressure transducer (Model 2107) has an 
excellent track record; however, the pressure sensing cavity Is 
of stainless steel and the operating temperature limit Is below 
the 400° C requirement. 

To compensate for the temperature limitations, it will be 
necessary to offset the transducer at the test cell by approximately 
two Inches. This will affect the response, however, the response 
decay can be calculated. 

There Is no record of a stainless :^teel "dead-end" connection of this 
type encountering probl«ns from an oxygen environment. 
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CALIBRATm 


The pressure sensor selected has a bu11t*1n electrical signal 
simulator to calibrate the electronics associated with the pressure 
sensor system. Pressure standards are available with accuracies 
ot the "N" and "S” type as complete, compact, and transportable 
units with the means of pressure generation and regulation built 
Into one compact housing, with the heaviest weight Inside being 
2 kilograms. 

AREAS OF CONCERN 

There are areas of uiKertaInty to be considered when undertaking 
any task for the first time, especially, at these planned extremes 
of temperature and pressure In an oxygen environment. 

Some areas of concern considered pertinent enough to warrant 
additional study are; 

0 Reactive nature of oxygen at pressures greater than 138 
MPa (20,000 psi). 

0 Oxygen reaction kinetics and thermodynamics. 

0 The Internal shape and dimensions of the material impact 
test cell Itself with respect to the propagation or 
support of oxidation. ^20) 

This work would determine the Ignition limits and their 
dependence on temperature and the oxidizing media as well as the 
analysis of the residuals. 

To extend a specific, limited study to a variety of problems 
to be encountered In the use of various materials under widely 
differing conditions, there Is a need to develop theoretical 
postulations based on thermodynamics, k1.:et1cs and physical properties. 

Once a sufficient number of experimental data are accumulated 
the practical applicability of such a theoretical system can then 
be tested. 

The accumulation of ignition-decomposition characteristics 
of a sufficient number of related substances would permit the 
tailoring of a materials properties for a specific application. 
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Evaluation of material reactions has shoMn certain data are 
basic when assessing these reactions* I.e., (1) thermodynamic 
data, (2) kinetic parameters and (3) physical properties. 

These specific parameters are: 

® Thermodynamic. 

Reaction energy. 

Adiabatic temperature Increase. 

00 specific quantity of gas generated. 

00 Maximum pressure In the test cell. 

® Kinetic. 

00 Reaction rate. 

Rate of heat production. 

Rate of pressure Increase In the test cell. 

Adiabatic time to maximum rate. 

00 Apparent activation energy. 

00 Initial temperature of detectable exothermic reaction. 

® Physical . 

00 Heat capacity. 

00 Thermal conductivity. 

There Is a close relationship between the exothermic reaction 
energy and the adiabatic tmperature rise which can be measured 
by appropriate Instrumentation. The specific volume of the gas 
generated by the reaction, together with the adiabatic temperature 
rise determines the maximum pressure developed In the test cell. 

The basic thermochmnical variable that requires consideration 
Is the temperature-dependent, concentration-dependent rate of 
the exothermic reaction. Both the total energy of reaction and 
rates of heat generation and heat accumulation must be determined. 

Pressure changes In the test cell will also be dependent upon 
the reaction rate. From the adiabatic temperature rise and the 
adiabatic self heat production, the derived variables, I.e., such 
as activation energy, adiabatic time to maximum rate, and maximum 
time to pressure rise can be calculated. 
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The heat generation rates of specific samples depend on 
temperature, degree of conversion, and often, previous thermal 
history. The start of a particular heat release rate will be 
detected at widely different temperatures, depending on sensitivity 
of the Instrumentation. 

The primary objective of these thermo>k1net1c studies is, to 
aid the selection criteria and establish the use parameters 
for a material In a 60X, LOX envlroranent through the application 
of limited data. 
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The extreme eggressiveness of oxygen in the pure sta- 
te, or diluted with small quantities of other gases, invol- 
ves serious problems each time lubricants come into 
contact with atmospheres of that ty(M. 

The difficulty of finding materials suitable for this use 
has induced equipment designers to exclude lubrica- 
tion, or else to separate the zone where oxygen is pre- 
sent from the one in which the lubricant acts, using 
diaphragms or the like. 

The latter solution, which would appear the most logic 
wherever it is feasible, entails the serious risk of cau- 
sing oxygen to come into contact with the lubricant in 
the event of accidental rupture of the separator ele- 
ments, so the lubricant must be capable of withstand- 
ing such contact. 

These difficulties have in some cases aroused the at- 
tention of legislative authorities; for instance, in the 
German Federal Republic law forbids the use of lubri- 
cants which have not been approved by a special Fede- 
ral Institute (1). 

A valid contribution to these. problems is offered by 
Fomblin* Fluorinated fluids, which are perfectly com- 
patible with oxygen and possess thermal stability, che- 
mical inertness and lubricating properties capable of 
meeting every type of requirement. 


Properties of Fomblin Y 
Fluorinated fluids 

Fomblin Y fluids are linear perfluoropolyethers, avaiia- 
ble in several grades with differing average molecular 
weight and viscosities. Table 1 gives some properties 
of the Fomblin Y grades suggested for oxygen applica- 
tion. For fuller details reference should be made to the 
specific technical bulletin "Fomblin Y Fluorinated 
fluids" edited by Ausimont. 

Different grades of Fomblin Y are miscible one with the 
other, yelding types having properties intermediate be- 
tween those illustrated. 


Viscosity-temperature properties 

These properties are illustrated in the graph in Figure 1. 
As compared with the fluorinated compounds oxygen 
compatibie on the market. Fombiin Y fluorinated fluids 
have viscostatic properties that are among the best. 

(1) This inilitutt it (It* BUNOESANSTALT FUR MATEniALPRUFUNa IBAMI . 1 
BEBLIN 4S, Unl*f a*" liChtn $7 

' ■ Aulinont iru* mark 


Lubricating properties 

Fomblin Y fluids are good lubricants in boundary lubri- 
cation conditions. 

Under such conditions they behave as a good additive- 
free, typical mineral oil. 

Fomblin Y also exhibit good EP properties. 


Compatibility with oxygen 


At atmospheric pressure, no reaction is observed bet- 
ween pure oxyen or air and Fomblin Y Fluorinated 
fluids up to temperatures around 400*C and not exces- 
sively prolonged contact times. For this reason no refe- 
rence is made here to flash points, combustion or self- 
igniting temperatures for Fomblin Y fluids, which are to 
be considered as non-flammable. 

At high pressures the maximum service temperature of 
Fomblin Y in the presence of oxygen decreases. 

, Its value is also affected by the manner in which the ga- 
* see and the fluids reach contact; in particuiary by pres- 
sure application speed. 

This phenomenon is not confined to the Fomblin fluids, 
but is general. 

Test methods capable of reproducing as faithfully as 
possible actual service conditions, when a lubricant is 
in contact with oxygen, have therefore been developed. 
In addition to those adopted by the BAM of Berlin, me- 
thods and test results on the compatibility of oxygen 
placed in contact with the Fomblin fluids are described 
hereafter. 


Static oxygen resistance 

Tests carried out in Montedison's laboratories, heating 
Fomblin Y Fluorinated fluids at 200*C in a stainless 
steel autoclave with oxygen at 200 kg/cm' and analy- 
zing the fluid after 160 hours have shown that the sam- 
ple thus treated remains completely unaltered. 


Liquid oxygen impact test 

This test allows determination of the compatibility of 
lubricants with liquid oxygen. 

It reproduces the service conditions of a lubricant for 
valves or compressor used in air separation plants, in 
rocket motors and the like. 

Fomblin Y fluids, tested in accordance with the U.S. 
standard MSFC-SPEC. 106 B «Testing Compatibility of 
Materials for Liquid Oxygen Systems*, passed the test. 
They have thus been approved for use In liquid oxygen 
systems by the National Aeronautics and Space Ad- 
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ministration • NASA (Q.C. Marshall Spaca Flight Can> 
tar, Alabama) and by tha Naval Ship Enginaaring Cantar 
of tha U.S. Navy. 

Copias of thiaa lattars of approval ara shown in Encto- 
suras 1, 2 and 3 (1). 

Fombiin Y 06 passad tha tasts as appaared In tha NASA 
• Whits Sands last Facility Raport of August 27, i960. 
At prassuras up to 10,000 psia, has basn found to ba 
non<raactiva undar tha conditions of tha tests. 

Tha first test, the Heated Mechanical impact Test, was 
performed according to tha raquiremants of Part 2 of 
Test No. 13 of NHB 8060.1A. Using gaseous oxygen, 
with the Impact Energy of 72 foot-pounds a pressure of 
10,000 psia, a temperature of 150 *F, no reaction occu- 
rad after 20 tasts. 

The second test, tha Heated QOX Pneumatic Impact 
Test, was performed according to the requirements of 
Test No. 14 of NHB 8060.1A. 

At a pressure of 10.000 psia and a temperature of 150 
*F, no reaction occurad after 20 tests. 


Ignition temperature in oxygen 

This has been determined by the Bundasanstalt for Ma- 
terialprOfung, Berlin for each Fomblln Fluid type hea- 
ting in a cylinder 500-700 mg of product in an oxygen at- 
mosphere at 100 kg/cm* and 20*C, up to reaction tem- 
perature (Enclosure 4). 

ITie results ara reported in Table 2, which also gives the 
oxygen pressure corresponding to ignition temperatu- 
re. 


Oxygen impact resistance undar pressure 

This test reproduces what occurs when there is an in- 
stantaneous pressure increase of the oxygen in an en- 
vironment having a relatively low pressure, and in 
which the lubricant is present at a certain initial tempe- 
rature. 

During this instantaneous pressure, which in an early 
approximation may ba considered as adiabatic, tha 
temperature of the system increases to a value which 
is a function of the initial conditions (initial temperatu- 
re and pressure) and of tha final pressure reached. If 
the final conditions exceed the stability limits of the 
products, these ignite. 

The results of these determinations, conducted by the 
BAM of Berlin, are shown in Figures 2 and 3. 


(l) ThvM itMtn Indtcctt romwin V Xiuo'inttM riuidt m IrairMSiO. Bli. S12 and 
•13 oil*, rttpoellywy. Tint it tiM namt wini wfneli thay ara toW in tha U.S.A. 


In these figures, the lower zone of the temperature- 
pressure graph defines for each possible initial fluid 
temperature the maximum oxygen pressure with which 
the fluids could come into contact, without danger of 
ignition. 


Injecticm in oxygen 

This test reproduces what occurs when in a membrane 
compressor for oxygen, operating with the fluid under 
examination, the membrane breaks with a consequent 
injection of the fluid into the gas. A 50/50 mixture of 
Fomblin Y 04 heated at 50*C, was injected into a stain- 
less steel autoclave containing oxygen at 150*C and 
260 atm. The sample, analized after about 30 minutes 
of dwell in the oxygen, was absolutely unaltered, de- 
monstrating the resistance of the fluid to oxygen under 
the conditions described. 


Maximum service tamparatura 

For all Fomblin Y Fluorinated fluids, this temperature 
must not exceed 250*C (2). in fact, if for some of them a 
higher temperature is feasible, for technical reasons it 
was not possible to determine at the impact test the 
corresponding pressure. 


Fomblin Fluorinated greases, T series 

By appropriately thickening Fomblin fluids, greases for 
advanced lubrication can be prepared. Some of these 
greases are presented by Ausimont as Fomblin Fluori- 
nated greases, T series. Some of the properties of the- 
se greases are given in Table 3, but here again referen- 
ce should be made to the specific literature for fuller 
details. 

The Fomblin Fluorinated greases, T series, have also 
been examined and approved by the BAM, Berlin for 
use in coniact with oxygen. 

The results are given in Table 4 and Figures 5, 6 and 7. 


(3) Tht mtiimum ttniiet (•mptraiu'* lot Mcrt grad* mutt bt lOO *C lootr than 
th* ignlllen tamparatura at par TaPta 3. 
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Table 1 — Oeneral propertiea of Fombiin Y Fluorinated fluMa 
Property Y 04 

Type 

LOX 

Y28 


Kinematic viacoalty at 20*C, cs 

39 

120 

250 


Pour point, *C 

-70 

—41 

-35 


Volatility (*/■ weight loss for 24 hours at 149*C) 

60 

— 

7 


Volatility (%weight loss for lOC hours at 80*C) 


5.0 




Table 2 — Ignition tomporaluro of Fombiin Y Fiuorinatod llulda in an oxygon atmoapboro 


Fombiin Fluorinated fluids 

Ignition temperature 

Corresponding oxygen pressure 

Y04 

360 ± 5 

215 

LOX 

385 ± 5 

220 

Y25 

395 * 5 

230 


Table 3 — Seme of the properties of Fombiin Fluorinated greases, T series 

OT20 

UT 18 

RT15 


Penetration A8TM 0217, mm/10 at 2S*C 
— without mechanical work 

285 

280 

275 


— after 10,000 cycles 

349 

310 

290 


Pour point, *C 

>200 

>200 

> 200 


Service temperature range, *C 

- TQ. + 100 

—30/ +150 

-20 + 200 








Table 4 — Compatibility of Fombiin Fluorinated groaeoa, T aerioa, with oxygen 

OT20 UT1I 

ignition temperature, *C 22S ±5 310 « 5 

Correaponding preaaure, kg/cm* 180 200 


RT15 

320 ± 5 
200 








Figurt 3 — Prissure vt tcmparatur* plot lor Fomblin Y Fluorinatod fluid Y 25 


■ Decomposition 
• No reaction 
7ZZ. Area of uncertainty 







Figurt 5 — Prttsurt vt ttmparaturt plot lor Fomblln Fluorinalod graaaa UT IB 
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NATIONAL AERONAUTICS AND SRACE ADMINISTRATION 
GIORSI C marshall SRAa rLICHT CINTCR 
SMCf CCMTf* AlAMHA 3MI1 


•M MVLT wrtll TO 


S«-ASTN-HC-«9-98 


JUN 1 • HM 


Dr. H. 1. raliMMii 

Dlroctor of Rotoarch 

Iray Oil Coapany 

192S North Marianna Avanua 

Loa Angalaa, California 90032 

Daar Dr. Falnaan: 
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Tha aaaiplaa of Brayco 631A graasa and Rrayco 810, 611, 812, and RIJ 
olla you aubalttad hava baan avaluatad for coaipatlblllty with liquid 
oxygan by tha procaduraa ouCllnad In MSFC>SFEC~106I, **Taatlng 
Coapatlblllcy of HaCarlala for Liquid Oxygon Syataua." 

Brayco 831A graaao and Brayco 810, 811, 812, and 813 olla aat tha 
roqulrad erlcarla and ara approvod for uaa In liquid oxygA ayatana. 

Slncaraly youra, i \ 

1 /'■ .. Ll 




R. J. SchulnghaaMr ^ 
Chlof, Matarlala Dlvlalon 
AatronauClca^ Laboratory 


NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
GEORGE C. MARSHALL SPACE FLIGHT CENTER 
Marshall Sracc Flight Center. Alasama 35812 


RERLV TO 
ATTN OF: 


EH01(MC 74-12) 


DEC 1 


Mr. Richard A. Staanrod, Jr. 
Post Offlca Dravar L 
Brldgaton, Missour.^ 63044 

Dear Mr. Staanrod: 


Th.B samples of Fooblln Y-25 S-1, Y-25 S-2, Y-25 S-3, and Y-25 S-4 
have baan evaluated for compatibility with liquid and gaseous 
oxygan at 10,000 psia by tha procedures outlined in NKB 8060. lA. 
The above samples met the acceptance criteria of NHB 8060. lA for 
Type D materials contingent on each manufacturer's batch being 
evaluated to ensure LOX/GOX compatibility. 

Sincerely, r, 




I R. J. Scnfrtflghamer 
Director 

Materials and Processes Laboratory 




A 


NAVAL SHI^ ENQINCCRINa CENTER 
CCNTtA WlltOfNa 
MINSf aCOMOI'A CCNTtN 
MMkVkAMO MTU 


Or. M. Z. PtlfiMr. Qi 

BTap Oil &.ii|Aiv 

1925 NorUi fUrlMVia Av«rtt.« 

Lot Anc^lMt CAiircmi*! 900 1i 

Otar Or* PalnMii: 
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N. ■fPkT MPt* 1 

6101ft Alt: I 
10350/2 
Ear 670 


juLiaes 


la r««pcaa« to your .•fttwr of 26 Juno 1969 fenmrdiaf rooulto of toot# 
eoftduetod ay tho ior r^o C* Hurohall S^o Fliflit ContoTf feray Oil 
Coapany'a'VriorQe El^'^ll'' fliilda and *fc>ayoeta 6311” t rana a tAU ba 
nlaead or. iba Hat if aae^tabla ■atarlala la tba ravlaad 10S8ZPS 
ZJISlliumOH 9230.1* i. 


ttBearaly yourai 




¥7 


BUNDESANSTALT FOR. MATERIALPROFUNG 

(OAM) 

4.4 


rtTM 

ItoBtaa-ChtuG OabH 

ft . 

Corti«XiutttraM 9 


umJtm atM 


IftaNlaH Uaftar Ban tMiaa tt 


Cb 1-1461/ 6.6.69 9251/69J 7699*69 9. r#br. 1970 

AH/aeb 4-1806 


Bate. I BrUfuBf TOB "?OBbllB*-01«itBltt«lB Bof BuktioBBfKhickalt 

alt ▼•reiebtatra Sautrttoff 

Vir abtra«Bd«B XluaaB laB Bdebt Itbar dla mifimc tob 16 "resbllB”- 
OlaitaittaXB aaf Aiiabmulebarbalt r*f*D BBttantoff-BruekatSfa. 

Vlr wardtB 6ar BararafaBoaatBacbaft 4ar ebaalaebcB Xaduatrla aapfab- 
laB, dla Steffa 1 b dla Uatt dar ctBrtt/tan a&d fttr gaa^gBat bafuBda- 
BaB OXaltalttal attfaiwabuB. Ala HaratallarflTM wardaB wlr dabai 
NaBtaaatlBl IdlaeB B.p.A. . NAUaBd. aasabaB. 


Soreb dla TrfifBBa alsd OabllbraB Bub baUlagasdaa OabttbzaBbaaebald 
aBtatBBdafl. ^ 

(Xr.-Zac. K.-I. MBUar) 
ObarraglaruBgarat 
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The data, information and suggestions are provided for guidance purposes only. No responsibility is accepted for the 
results obtained therefrom nor for their utilization in infrigement of possible patent rights. 
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APPENDIX II 


FUNDAMENTAL DATA FOR OXYGEN & NITROGEN 


Liquid oxygen is pale blue in color, will flow like water, and 
weights 1.0688 grams per cubic centimeter (23). 

One cubic meter of liquid represents 800 standard cubic meters 
of gas and could build up to a pressure of nwre than 82.7 MPa (12,000 
psi) if confined at ambient conditions. 

Oxygen can exist as a gas, liquid or solid. However, it will 
be liquified when cooled below -181° C at atmospheric pressure. With 
an increase in pressure, oxygen may exist as a liquid at temperatures 
above -181° C, but pressure will not keep it in a liquid state above 
-119° C. 


SOME OF THE PROPERTIES OF LIQUID OXYGEN 


Boiling point at 1 atm 
Critical temperature 
Critical pressure 
Density (liquid 1 atm) 

Density (gas 1 atm) 

Cu ft of gas/cu ft of liquid (1‘atm) 
Cu ft of gas/ gal Ion of liquid (1 atm) 
Wt of gallon of liquid 
Specific volume at n.t.p. 

Heat content of saturated vapor 
Heat of vaporization at 1 atm 
Mol wt 

Specific gravity at -297° F 


-183° C or -2970 p 
-118.8° C or 181.8° F 
715.6 psig 
71.27/ft3 
0. 082716/ ft3 
862 
115.2 
9.5316 
12.1 ft3/16 
Btu/16 
94 Btu/16 
32 

1.14 


NITROGEN PROPERTIES 


MeTting point 
Boiling point 
Density 

Specific gravity at 320° F 
Cu ft gas/cu ft liquid 1 atm 
Cu ft gas/l gallon liquid atm 
Lb/gallon of liquid 
Heat of vaporization 1 atm 


-209.9° C -345.3° F 

-195.8° C -320° F 

1.25 kg/liter 50.4 Ib/ft^ 
0.808 
696 
93 

6.74 

86 Btir/lb 
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BIBLIOGRAPHY PREFACE 

This bibliographical listing of articles and books pertaining 
to or associated with activities Involving gaseous or liquid 
oxygen enriched envirorwients was compiled to aid those persons 
Involved In this rapidly advancing area of technology. 

It Is a listing of authors, whether senior, sole or one 
or multiple authors whose articles are listed. 

The numbers at the left refer to the bibliography designation 
number. 
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